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This thesis describes work that has been carried out to develop a scaled down laboratory test bed 
for use in the optimisation of fan driven air ventilation systems found at the various Anglo Coal 
South African mines. The present system involved in the movement of air underground 
comprises a fixed speed centrifugal fan driven damper controlled system. National Power 
Contractors (NPC) together with the University of KwaZulu-Natal (UKZN) proposed a variable 
speed automated controlled system, but the costs of installing Variable Speed Drives (VSD) and 
their impact on the energy consumption of a system prior to being installed are important. In 
addition deliverables required by the industrial partner NPC was to develop a calibrated 
simulation model where any fan system could be simulated showing potential energy savings.  
 
A test bed was therefore constructed to evaluate the power usage of a VSD while driving a 
simulated fan. The test bed comprised of two Field Oriented Controlled induction machines. A 
ventilation system at Anglo Coal’s Vlaklaagte colliery was proposed to be simulated by the test 
bed to develop the Measurement and Verification (M&V) methodology required to represent a 
business case, but since data from this fan system was not available two other fan systems were 
studied. One fan system was built at the UKZN whilst the other industrial fan system was at 






























Acknowledgements         iii 
Abstract          iv 
List of abbreviations and symbols       x 
 
 
CHAPTER 1  OVERVIEW OF THESIS 
 
1.1 Introduction        1.1 
1.2 Problem statement       1.3 
1.3 Scope of the investigation      1.4 
1.4 Thesis outline        1.6 
1.5 Research publications       1.7 
 
 
CHAPTER 2 MODELLING OF THE INDUCTION MACHINE AND THE 
THOERY OF FIELD ORIENTED CONTROL 
 
2.1 Introduction        2.1 
2.2 Hybrid model        2.1 
2.3 The mechanical model       2.3 
2.4 Principals of FOC       2.4 
2.5 FOC controller design       2.9 
 2.5.1 The q-axis current controller     2.9 
 2.5.2 The d-axis current controller     2.10 
 2.5.3 Speed controller      2.13 
 2.5.4 Voltage pre-compensating controllers    2.14 
 2.5.5 FOC controller       2.15 









CHAPTER 3 CENTRIFUGAL FAN FUNDAMENTALS 
 
3.1 Introduction        3.1 
3.2 Characteristics of centrifugal fans     3.2 
 3.2.1 Fan characteristic      3.3 
 3.2.2 System characteristic      3.5 
3.3 Flow control        3.7 
 3.3.1 Damper control       3.8 
 3.3.2 Speed regulation      3.8 
3.4 Torque-speed and power-flow representations    3.9  
3.5 Conclusion        3.10  
 
CHAPTER 4 TEST BED HARDWARE AND INTERFACING 
 
4.1 Introduction        4.1 
4.2 Test bed hardware and interfacing      4.1 
 4.2.1 Programmable Logic Controller and associated hardware 4.2 
 4.2.2 Variable Frequency Drive and associated hardware  4.3 
 4.2.3 Incremental encoder      4.8 
4.3 Earthing strategy       4.9 
4.4 Complete test bed       4.9 
4.5 Conclusion        4.10 
 
CHAPTER 5 TEST BED COMMISSIONING  
 
5.1 Introduction        5.1 
 
Phase 1          5.1 
5.2 Manual tests        5.2 
 5.2.1 No load test       5.2 
 5.2.2 Locked rotor test      5.2 
 5.2.3 Windage and friction loss test     5.2 
5.3 VFD calculated machine parameters     5.3 
5.4 Direct on line start-up current and speed     5.5 
5.5 DOL start-up SimulinkTM simulation of the machine using the 







5.6 Identification of the machine’s parameters using the Optimization 
            toolbox for Simulink       5.9 
5.7 DOL start-up simulation of the machine with the Optimization  
toolbox identified parameters       5.13 
5.8 Parameter discrepancies       5.15 
 
Phase 2          5.16 
5.9 Test bed simulation       5.16 
 5.9.1 Machine1-Speed controlled     5.19 
 5.9.2 Machine2-Torque controlled     5.23 
5.10  Practical results gained from the test bed     5.26 
5.11 Conclusion        5.35 
  
 
CHAPTER 6 SIMULATION OF A THEORETICAL FAN BY THE TEST 
BED 
 
6.1 Introduction        6.1 
6.2 SimulinkTM simulation of the test bed replicating the theoretical fan 6.1 
6.2.1 SimulinkTM simulation results of the test bed replicating the  
theoretical fan       6.3 
6.3 Test bed practical results-replication of the theoretical fan  6.5 
6.4 Conclusion        6.8 
 
 
CHAPTER 7 SIMULATION OF A 1.1 kW FAN BY THE TEST BED 
 
7.1 Introduction        7.1 
7.2 1.1 kW fan construction and components    7.1 
7.2.1 Measurement transducers     7.4 
7.3 Operating characteristics of the 1.1 kW fan system   7.6 
 7.3.1 Characteristic curves      7.7 
7.4 SimulinkTM simulation of the test bed replicating the 1.1 kW fan  7.9 
7.4.1 SimulinkTM simulation results of the test bed replicating the  
1.1 kW fan       7.10 
7.4.2 SimulinkTM simulation verification    7.12 
7.5 Test bed practical results-replication of the 1.1 kW fan system  7.13 







CHAPTER 8 SIMULATION OF A 785 kW FAN BY THE TEST BED 
 
8.1 Introduction        8.1 
8.2 785 kW fan system hardware      8.1 
8.3 Operating characteristics of the 785 kW fan system   8.5 
8.4 SimulinkTM simulation of the test bed replicating the 785 kW fan  8.7 
8.4.1 SimulinkTM simulation results of the test bed replicating the  
785 kW fan       8.9 
8.4.2 SimulinkTM simulation verification    8.10 
8.5 Test bed practical results-replication of the 785 kW fan system  8.11 
8.6 Conclusion        8.14 
 
 
CHAPTER 9 ENERGY COST INDICATOR AND AIR FLOW CONTROL 
 
9.1 Introduction        9.1 
9.2 Energy simulations in SimulinkTM     9.1 
9.2.1 Energy simulations of the 1.1 kW fan system in SimulinkTM 9.4 
9.2.2 Energy simulations of the 785 kW fan system in SimulinkTM 9.7 
9.3 Energy simulations in the PLC      9.9 
9.3.1 Energy simulations of the 1.1 kW fan system in the PLC  9.10 
9.3.2 Energy simulations of the 785 kW fan system in the PLC 9.11 
9.4 Air flow control       9.13 
9.5 Conclusion        9.17 
 
 
CHAPTER 10 SUMMARY AND CONCLUSIONS 
 
10.1 General         10.1 
10.2 Proposed ventilation system progress at Vlaklaagte   10.2 
10.3 Advantages of using VFD’s to drive fans    10.7 











APPENDIX A Machine nameplate data and Hybrid model  A.1 
 
APPENDIX B Rated rotor flux linkage     B.1 
 
APPENDIX C FOC controller gains     C.1 
 
APPENDIX D Induction machine tests     D.1 
 
APPENDIX E Matlab embedded functions    E.1 
 
APPENDIX F Simatic Step7 programs     F.1 
 




































AC  Alternating Current 
BOP  Basic Operator Panel 
DB  Data Block 
DC  Direct Current 
DOL  Direct On Line 
d-axis  direct axis 
DP  Distributed Periphery 
EMF  Electromotive Force 
EMI   Electromagnetic Interference 
ESCO  Energy Service Company 
FB  Function Block 
FC  Function 
FOC   Field Oriented Control 
HSC  High Speed Counter 
IRR  Internal Rate of Return 
MPI  Multi Point Interface 
NPC  National Power Contractors 
NPV  Net Present Value 
OB  Organisation Block 
PI  Proportional and Integral 
PLC  Programmable Logic Controller 
PV  Present Value 
q-axis  quadrature axis 
SCADA Supervisory Control And Data Acquisition 
SFB  System Function Block 
SFC  System Function 
UDT  User Defined Data Type 






UKZN  University of KwaZulu-Natal 
VFD  Variable Frequency Drive 




Cp   Pressure coefficient. 
Cv     Fan flow rate coefficient.  
Cw   Fan power coefficient. 
d  Fan impeller diameter (m), rotor diameter (m). 
e  Induced electromotive force (emf). 
Ip  Phase current (A).   
ids          Instantaneous d-axis stator current (A). 
iqs           Instantaneous q-axis stator current (A). 
idr          Instantaneous d-axis rotor current (A). 
iqr          Instantaneous q-axis rotor current (A). 
J    Inertia (kg-m2). 
l  Length (m). 
Le  Stator and referred rotor inductance (H). 
Lm      Mutual inductance between the stator and the rotor (H). 
L1, Ls          Stator leakage inductance (H).  
L2, Lr        Rotor leakage inductance referred to the stator (H). 
L11         Stator self inductances (H). 
L22     Rotor self inductances (H). 
m  mass (kg). 
n    Fan speed, test bed speed (rad/s, rpm). 
Pph  Phase power (W, kW).  
p          d/dt. 
P    Power (W, kW). 
Ps   Fan pressure (Pa). 
pωr  Rate of change of speed. 
Q     Fan flow rate (m3/s). 
R1, Sr         Stator resistance (Ω). 
R2, Rr    Rotor resistance (Ω). 
Re  Stator and referred rotor resistance (Ω). 
r  Radius (m). 






s        Slip. 
t  Time (s). 
Tem   Electromagnetic torque (Nm). 
Tl  Load torque (Nm). 
Tmech  Mechanical torque (Nm). 
Twf  Torque due to windage and friction (Nm). 
Vp  Phase voltage (V).  
v  Volume (m3). 
Vds    d-axis stator voltage (V). 
Vqs        q-axis stator voltage (V). 
Vdr         d-axis rotor voltage (V). 
Vqr        q-axis rotor voltage (V). 
β        Frictional damping coefficient (N.m.s/rad). 
ρ    Air density (kg/m3). 
(Wb)   Instantaneous winding flux linkage (Wb-t). 
r   Rotor flux linkage space vector in the d-q reference frame (Wb-t). 
λ  Amplitude of the rotor flux linkage per phase (Wb-t). 
Ψλ    Phase angle of the winding flux linkage. 
λds         d-axis stator flux linkage (Wb-t). 
λqs        q-axis stator flux linkage (Wb-t). 
λdr       d-axis rotor flux linkage (Wb-t). 
λqr         q-axis rotor flux linkage (Wb-t). 
τil  Closed loop time constant. 
τol  Open loop time constant. 
ω        Synchronous angular frequency. 




















Anglo Coal, a subsidiary of Anglo American is South Africa’s largest coal producer with its 10 
mines producing approximately 59 million tons [30] of coal out of the almost 244 million tons 
[11] of coal produced throughout South Africa in the year 2006. Each mine extracts coal and 
requires ventilation systems to remove the methane gas to provide a safe, healthy and 
productive working environment underground. There are between 35 to 40 air ventilation 
systems at Anglo Coal South Africa, each of which typically comprise three centrifugal fans as 
shown in Fig.  1.1 and Fig.  1.2 below ranging between 700 kW and 1.2 MW. Fig.  1.2 shows an 
existing fan ventilation system located at Anglo Coal’s Vlaklaagte colliery above ground level 
and Fig.  1.5 shows this schematically with corresponding labels. 
 
 




Fig.  1.2 Existing air ventilation system at Vlaklaagte 
















Fig.  1.5 Schematic of the existing air ventilation system [12] 






1.2 Problem statement 
 
The required underground ventilation is usually initially calculated for the lifespan of a mine. In 
the initial stages of a mine the airflow required underground is minimal but as the size of a mine 
increases the amount of air required underground increases to maintain a safe mining 
environment. It is therefore important that in the design of the fan ventilation system a method 
for dealing with the decrease in fan efficiency at flow rates that are lower than what the fan is 
optimally designed for is taken into account. Lower flow rates can be achieved by varying an 
inlet damper. Reference must be made to Fig.  1.3 and Fig.  1.5 above focusing on the Radial 
Vane Controlled (RVC) inlet damper. The disadvantage of utilising a damper to vary the air 
flow rate is that the power consumed by the fan is high, electronically uncontrolled and fairly 
stable across the damping range. 
 
An investigation conducted by an Energy Service Company (ESCO) National Power 
Contractors (NPC) found most of the fan systems at Anglo Coal South Africa to be 45% 
damped. Contributing further to the inefficiency are air leaks caused by fissures in the 
underground rock face resulting in variable air flow rates and a loss of pressure throughout the 
existing mine air ventilation system. Air flow is also restricted in certain sections of the mine by 
regulators which divert the intake air into exhaust airways before it reaches the faces. 
 
Previous research [1, 9, 23, 29] has shown that energy savings may be achieved through the use 
of Variable Frequency Drives (VFDs). Based on the initial investigation by NPC together with 
the knowledge that the ventilation systems are 45 % damped, NPC proposed considering the use 
of VFDs to improve operational efficiency and control the air flow rate. The possible energy 
savings through the use of VFDs are estimated in Fig.  1.6 using the universally known Fan 
laws [9]. From the Fan laws [9] it is known that air flow rate is proportional to the speed of the 
fan and the power drawn by the fan is proportional to the speed or air flow rate of the fan cubed 
as shown in Fig.  1.6.  
 







Fig.  1.6 Power Vs (Speed/Flow)3 of a fan 
 
With reference to Fig. 1.6, considering the fan ventilation system to be 45 % damped would 
result in the fan operating at point A. Now by reducing the speed of the fan with the use of a 
VSD and by following the fan laws [9], the fan should operate at point B to produce the same 
amount of air flow. This results in approximately 80 % saving of power. There are between 35 
to 40 air ventilation systems at Anglo Coal South Africa each comprising typically three 
centrifugal fans. 
 
1.3 Scope of the investigation 
 
NPC approached the University of KwaZulu-Natal (UKZN) to conduct an investigation and 
develop the Measurement and Verification (M&V) methodology on the air ventilation system at 
Anglo Coal’s Vlaklaagte colliery. This air ventilation system together with the equipment 
driving one of the centrifugal fans at Vlaklaagte was shown pictorially in Fig.  1.2, Fig.  1.3 and 
Fig.  1.4. The purpose of the M&V methodology is to test the feasibility of the project required 
to represent a business case for Anglo Coal.  
 
Previous research [1] at the UKZN showed that a test bed could be used to replicate the 
operation of any pump or fan system. The UKZN therefore adopted this concept to develop the 
M&V methodology by developing a scaled down test bed that could replicate the operation of 
any fan ventilation system. The test bed is shown schematically in Fig.  1.7 comprising of two 
VFDs and two induction machines coupled together. Induction Machine1 represents the 
machine driving the fan while induction Machine2 represents the simulated fan.   
 








Fig.  1.7 Test bed 
 
In addition to proving the energy savings achievable through speed control of the fan, NPC 
requested the UKZN to determine whether variable speed operation might afford more 
consistent air flow rates throughout the mine air ventilation system using a Programmable Logic 





Fig.  1.8 Schematic of the proposed process controlled air ventilation system [12] 






The work performed in this thesis will be carried out in four phases: 
 
 The first phase is to gain an understanding of the induction machine and Field Oriented 
Control (FOC) required to simulate the test bed and to gain an understanding of the 
operation of centrifugal fans.  
 
 The second phase involves the design, construction and commissioning of the test bed.  
 
 The third phase involves SimulinkTM simulations of the test bed replicating the fan, 
followed by the practical results gained from the test bed.  
 
 The fourth phase involves simulations of an energy cost indicator. Air flow control 
through speed control of a fan is also investigated.  
 
The overall objectives of this research are to obtain the results of the SimulinkTM simulations 
and the practical results of the test bed. To then compare the results with the operations at the 
mines and ensure that they correlate with one another and reveal a reduction in energy usage 
through the intelligent use of VFDs.  
 
1.4 Thesis outline 
 
The thesis is structured as follows: 
 
Chapter 1 discusses the problem statement, scope and objectives of the investigation to be 
carried out. 
 
Chapter 2 presents the theory of induction machines and the theory of FOC.  
 
Chapter 3 presents the relevant information required to understand the operation of centrifugal 
fans under damper control and speed control. 
 
Chapter 4 involves the hardware and interfacing of the test bed.  
 
Chapter 5 presents the commissioning of the test bed. This was carried out in two phases. The 
first phase identified and verified using SimulinkTM simulations the induction machine’s 






electrical and mechanical parameters required to simulate the test bed under FOC; the second 
phase involved SimulinkTM simulations of the test bed under FOC, followed by the practical 
results gained from the test bed.  
 
Chapter 6 presents the results obtained from the test bed simulating the characteristics of a 
theoretical fan in SimulinkTM. The practical results gained from the test bed are then compared 
to the SimulinkTM simulated results.  
 
Chapter 7 discusses the design and construction of a 1.1 kW fan system at the UKZN. The 
characteristics of the fan system are determined and then simulated by the test bed in 
SimulinkTM. The practical results obtained from the test bed are then compared to the 
SimulinkTM simulated results. 
 
Chapter 8 discusses a 785 kW fan system tested at Anglo Coal’s Greenside colliery. The fan 
system is simulated by the test bed in SimulinkTM. The practical results captured from the test 
bed are then compared to the SimulinkTM simulated results. 
 
Chapter 9 presents energy cost simulations in SimulinkTM and in the PLC allowing for the 
energy consumed by the replicated fans under a specific duty cycle to be determined. Air flow 
control through speed control of the 1.1 kW fan is then presented.  
 
Chapter 10 presents a summary and conclusion of the work performed in this study. The 
progress at Vlaklaagte, a business case and future work is also presented. 
 
1.5 Research publications 
 
Certain material in this thesis has been presented at a national conference [12] and two national 
conventions [13, 31]. 







MODELLING OF THE INDUCTION MACHINE AND THE 




In this chapter the 2-axis theory of the induction machine and the theory of FOC is provided. 
This theory is necessary for the design of the controllers required to simulate the induction 
machine under FOC in Chapter 5.  
 
2.2 Hybrid model 
 
In order to understand the principles of FOC and to illustrate how the controller design process 
enables the non-linear dynamic structure of the induction machine to be decoupled into a linear 
dynamic structure, the hybrid 2-axis model of the symmetric induction machine is used to 
develop a block diagram representation of the induction machine. The voltage and flux linkage 
equations representing the electrical model of the induction machine appear in Appendix A.2. 
The hybrid model uses the stator currents (ids, iqs) and rotor flux linkages (λdr, λqr) as the state 
variables. The derivation of the hybrid model is presented in Appendix A.2 and the equations 
describing the hybrid model in the synchronous reference frame are shown in Eq. 2.1. The 
equivalent block diagram representation of the hybrid model is shown in Fig.  2.1. 
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The hybrid model represents the electrical dynamics of the symmetric induction machine. To 
complete the induction machine’s model, the mechanical dynamics of the rotor needs to be 
incorporated.  
 
2.3 The mechanical model 
 
The mechanical model of the induction machine is used to describe the mechanical dynamics of 
its shaft and any load that may be coupled to it. For the purpose of this thesis the loads to be 
considered are a centrifugal fan and another induction machine as shown in Fig.  2.2 and Fig.  
2.3. 
 
The electrical and mechanical dynamics of an induction machine are linked by the non-linear 








T          (2.2) 
 
The mechanical torque required to drive a load at a speed of ωr is given by Eq. 2.3.  
 








Fig.  2.3 Machines coupled together forming the test bed 
 
Referring to Fig.  2.2 and Fig.  2.3, the shaft of Induction Machine1 is assumed to be rigidly 
coupled to either the Centrifugal Fan in Fig.  2.2 or Induction Machine2 in Fig.  2.3 and the 
moment of inertia of the machine (Induction Machine1) is combined with that of either the 
Centrifugal Fan or Induction Machine2 of the test bed to produce a lumped moment of inertia. 






Therefore if we assume a completely rigid shaft we have at all times Tem=Tmech and for a 











         (2.4) 
 
rrp            (2.5) 
 
The electrical and mechanical models together describe the complete induction machine 
dynamic model. The next section utilises the block diagram form of representation for the 
induction machine to explain the principles of FOC. 
 
2.4 Principles of FOC 
 
The induction machine has a complex dynamic structure as shown by Fig.  2.1 making speed 
and torque control difficult. FOC on the other hand is a method of control which enables the 
complex dynamic structure to be decoupled into that similar to a separately excited DC   
machine [8]. 
 
Referring to Fig.  2.4, FOC is achieved by controlling the q-axis rotor flux linkage (λqr) to be 
zero and by keeping the d-axis rotor flux linkage (λdr) constant [8]. λqr will only maintain a zero 
value by controlling the slip of the machine so as to force the angle (α) between the rotor flux 
linkage vector (λr) and the stator current vector (is), such that under all conditions λr is aligned 








Fig.  2.4 Conditions of Field Oriented Control [8] 






For the conditions of FOC in Fig.  2.4 to be met, the q-axis component of the rotor flux linkage 
(λqr) must be zero (point A, Fig.  2.5) [8]. If λqr equals zero then the input to the rotor transfer 
function has to also be zero (point B, Fig.  2.5). For point B to be zero the two inputs C and D 
must be equal (Fig.  2.5). This will only occur if the slip is held constant by some external 
controller resulting in the removal of all the bold lines and their associated blocks (Fig.  2.5) as 











































































Fig.  2.5 Block diagram of the electrical dynamics of the induction machine [8] 
 
With reference to Fig.  2.5, λdr can be calculated as given in Eq. 2.6. Eq. 2.6 will be used at a 
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Fig.  2.6 Block diagram of the electrical dynamics of the induction machine when λqr equals zero 
 








          (2.7)   
 
Under steady state conditions ids is maintained and with the d-axis rotor flux linkage (λdr) being 
constant, it results in L22p = 0 allowing Eq. 2.7 to be reduced to Eq. 2.8. 
 







           (2.9) 
 
Eq. 2.9 represents the condition that must be maintained by a controller in steady state to 
achieve FOC. 
 
Although the model has been reduced, non-linear interaction still exists between the d-axis and 
q-axis signal paths in the stator circuits [8]. To remove this non-linear interaction, appropriate 
terms of equal magnitude but opposite sign are added, by the controller, to the input of the 






machine (i.e to vds and vqs) as shown in Fig.  2.7. These pre-compensating terms further reduce 
the model causing the signal paths shown in bold in Fig.  2.7 to be removed as they no longer 
contribute to the dynamics of the machine resulting in the stator d and q-axis circuits to be 











































































Fig.  2.8 Block diagram of the induction machine after successful compensation 
 
The control of ids and iqs is necessary to ensure FOC, but these currents are internal to the 
induction machine and are not directly accessible. External controllers have to be implemented 






to control the stator voltages such that the actual currents (ids and iqs) follow the reference 
currents (ids* and iqs*) as closely as possible. These current controllers must be designed with a 
























































Fig.  2.10 Block diagram of the induction machine under FOC 
 
Successful implementation of the current controllers results in a reduced model as shown in Fig.  
2.10 enabling the induction machine to operate in the same manner as a separately excited DC 
machine. The d-axis stator current (ids) which under successful FOC produces the magnetising 
flux inside the induction machine is similar to the field current of a separately excited DC 
machine and the q-axis stator current (iqs) which is used to regulate the torque produced, is 
similar to the armature current of a separately excited DC machine [8]. The electromagnetic 







T          (2.10) 






In summary the requirements for FOC can be achieved through: 
 
1. Maintaining a particular value of slip frequency so that Eq. 2.9 holds true. 
 
2. The current controllers exercising control over the stator currents to enable the machine 
to appear as if it is being supplied from a Current Source Inverter when it is actually fed 
from a Voltage Source Inverter, since the currents ids and iqs become controlled inputs to 
the machine. 
 
3. The d-axis rotor flux linkage (λdr) being kept constant by keeping ids constant, thus 
torque is controlled directly by the q-axis current (iqs). 
 
2.5 FOC controller design 
 
Having described how FOC decouples the non-linear dynamic structure of the induction 
machine, the controller design process is now described. This section presents a generic design 
process of the stator current controllers, speed controller, voltage pre-compensating controllers 
and FOC controller. The design procedure for these controllers has been adopted from [34].  
 
2.5.1 The q-axis current controller 
 
This current controller is designed utilising Fig.  2.9. The q-axis current control loop is taken 























Fig.  2.12 Block diagram of the q-axis current controller  






A Proportional and Integral (PI) controller is used to achieve a fast response with a zero steady 
state error. Choosing kiq=R1/σL11 results in a pole zero cancellation, since the zero of the PI 



















Fig.  2.13 q-axis Kpq transfer function 
 
The open loop time constant is given as τol = σL11 /R1. Choosing the closed loop time constant τil 








        (2.12) 
 
2.5.2 The d-axis current controller 
 
This current controller is also designed utilising Fig.  2.9. The d-axis current control loop is 























Fig.  2.14 d-axis current controller blocks as in Fig.  2.9 
 



























Fig.  2.15 Block diagram of the d-axis current controller 
  
 
The d-axis transfer function (ids/ids
*) is more complicated than the q-axis transfer function       
(iqs/iqs
*) therefore the transfer function has to be reduced and rearranged as shown in Fig.  2.16 
and Fig.  2.17 using the standard rules of block diagram reduction [22]. 
 
p

































Fig.  2.17 Reduction of the block diagram in Fig.  2.16 
 
 
The electrical parameters of the induction machine may now be substituted in the transfer 
function appearing in Fig.  2.17. The resulting transfer function is shown in Fig.  2.18, where a, 
b and c represent constants. 














Fig.  2.18 d-axis transfer function after the substitution of the machine parameters 
 
Referring to the transfer function shown in Fig.  2.18, a zero should be located close to a closed 
loop pole, thus the residue at the pole is small and the coefficient of the transient response term 
corresponding to this pole becomes small [22]. This means that a closely located pole and zero 
cancel each other out especially at high frequencies therefore the transfer function in Fig.  2.18 
now reduces as shown in Fig.  2.19. 
 
p





Fig.  2.19 d-axis transfer function 
 
The d-axis current controller may now be designed in a similar manner to that of the q-axis 
current controller (Fig.  2.12) since the transfer functions are now similar. 
 









Fig.  2.20 d-axis Kpd transfer function 
 
The transfer function in Fig.  2.20 now looks identical to the q-axis current controller transfer 
function shown in Fig.  2.13, therefore the proportional gain Kpd can be chosen to be the same as 
the proportional gain Kpq.  
 
Kpd = Kpq         (2.13) 






2.5.3 Speed controller 
 
Under FOC the induction machine has a dynamic structure similar to that of a separately excited 
DC machine as explained in Section 2.4. The design procedure of the speed loop for a FOC 
induction machine is therefore similar to the design procedure of the speed loop for a separately 
excited DC machine. The transfer function in Eq. 2.14 may be obtained from Fig.  2.21.  
 




         (2.14) 
 













Fig.  2.21 Under FOC and current controllers the induction machine’s dynamic structure 
 
A PI controller is added to the transfer function in Fig.  2.21 similar to that of a DC machine as 














Fig.  2.22 Speed controller 
   
J
B
kis         (2.15) 
 
Choosing kis  = B/J results in a pole-zero cancellation. 
 
Usually the closed loop speed time constant is chosen to be ten times larger than the time 
constants of the d and q-axis current controllers, both of which are equal to 1 ms [34]. The speed 
loop time constant is therefore equal to 10 ms.  
















       (2.16) 
 
For maximum torque production it is advantageous to maintain the flux linkage λdr at its rated 
value of λdr*. Refer to Appendix B for the procedure to calculate the rated rotor flux linkage. 
 
2.5.4 Voltage pre-compensating controllers 
  
The d-axis and q-axis stator signal paths have cross coupling effects existing between them [8]. 
The purpose of the pre-compensating controllers is to cancel these cross coupling effects by 
adding terms in the pre-compensator that have the same magnitude but opposite sign as the 
terms that have to be cancelled.  
 
2.5.4.1 The q-axis voltage pre-compensator 
 
The q-axis stator signal path together with its pre-compensating controller is shown in           













Fig.  2.23 The q-axis voltage pre-compensating controller 
 
2.5.4.2 The d-axis voltage pre-compensator 
 
The d-axis stator signal path together with its pre-compensating controller is shown in           
Fig.  2.24. Fig.  2.24 is reproduced from Fig.  2.7. 
 
 











Fig.  2.24 The d-axis voltage pre-compensating controller 
 
 
2.5.5 FOC controller 
 
The main function of this controller is to ensure that Eq. 2.9 holds true at all times. Eq. 2.9 is 











In this chapter the 2-axis hybrid model of the induction machine was used to explain the 
principle of FOC enabling the induction machine to have a dynamic structure similar to that of a 
separately excited DC machine. The design procedure of the controllers required to implement 
FOC was then presented. This is necessary to simulate the two induction machines in the test 
bed under FOC. The simulations are presented in Chapter 5.   
 
The next chapter introduces the main aspect of this thesis, which is fans and their associated 
characteristics. 











Chapter 2 presented the two axis theory of an induction machine and described the method of 
FOC. Under FOC the induction machine behaves like a separately excited DC machine resulting 
in superior torque and speed control of the machine. This is necessary to accurately and easily 
control the machines in the test bed to replicate the various fan driven air ventilation systems.  
 
 
Fig.  3.1 Fixed speed slip ring induction machine at Vlaklaagte 
 
Fixed speed induction machines are used by Anglo Coal at Vlaklaagte (Fig.  3.1) to drive 
centrifugal fans due to their high reliability, low cost and low maintenance with the air-flow rate 
being controlled via dampers or adjustable vanes resulting in large amounts of energy being 
consumed. In other cases the air-flow rate is controlled by regulating the speed of the fan, in 
which case energy savings may be realised.  
 
The point of operation of any centrifugal fan is specific to the system in which it is deployed 
and is determined by both the fan characteristic (Fig.  3.4) and the system characteristic (Fig.  
3.7). The fan characteristic is supplied by the manufacturer in the form of fan characteristic 
curves (Fig.  3.5). The system characteristic is a curve that represents the physical system (Fig.  
3.6), which is dependant on the type of dampers or ducting used to transport the air. The fan and 
system characteristics are overlaid on one another and the intersection of the two characteristic 
curves represents the operating point (Fig.  3.8) of the fan. Varying a damper or adjusting the 






speed of the fan changes the operating point of the fan. Therefore whether any energy savings 
are achievable through variable speed operation of the fan instead of fixed speed damper 
operation is dependant on the operating point of the fan. This chapter presents centrifugal fans 
and their associated characteristics showing the different operating points of a fan realised 
through variable speed and fixed speed damper operation. 
 




                          
Fig.  3.2 Centrifugal fan depicting, (1) air inlet, (2) impeller, 
(3) spiral shaped casting, (4) air outlet 
 
A centrifugal fan consists of an impeller (Fig.  3.3, wheel composed of a number of fan blades) 
running in a spiral casting as shown in Fig.  3.2. The angle or pitch of the fan blades determine 
the amount of work that the fan has to do in moving the air. The air enters parallel to the axis of 
the shaft and is accelerated towards the discharge periphery by the blades. There are three forms 











Fig.  3.3 Three forms of impeller blades [9] 






1. Backward curved blade - The blade tips incline away from the direction of rotation; the 
blade angle θ is less than 90˚. 
 
2. Radial blade - The blade tips are radial and the blade angle is equal to 90˚. 
 
3. Forward curved blade - The blade tips incline towards the direction of rotation; the 
blade angle θ is greater than 90˚. 
 
Forward curved fans are generally used in commercial buildings for ventilation [9]. Backward 
curved fans are likely to be used for ventilation on a large scale (mines and tunnels) due to their 
improved efficiency compared with forward curved and radial fans [9]. Radial fans are 
commonly used as draught fans on large boilers [9]. The centrifugal fans used for ventilation at 
Anglo Coal South Africa are backward bladed therefore only this type of centrifugal fan will be 
considered.  
 
The performance of a fan in terms of pressure, volume flow and power absorbed depend on a 
number of factors [9]. The most important are: 
 
 The design type and size of the fan. 
 The point of operation of the fan. 
 The speed of rotation of the impeller. 
 The condition of the air passing through the fan. 
 
3.2.1 Fan characteristic 
 
 
Fig.  3.4 Typical fan characteristic curves 











Fig.  3.5 Manufacturers fan characteristic curve [21] 
 
A backward curved blade fan characteristic supplied by the manufacturer [21] for an 8 kW 
centrifugal fan is shown in Fig.  3.5. Numerous fan characteristic curves plotted at various 
speeds are shown in Fig.  3.5, together with lines of constant power and constant efficiency 
covering the expected range of operation of the fan. The relationship between pressure and flow 
cannot be expressed as a simple mathematical function; however by considering points on the 
manufacturer’s fan characteristic curve (Fig.  3.5), it is possible to identify relationships known 






as the Fan laws (Eq. 3.1 to Eq. 3.3) [9]. Eq. 3.1 represents the flow rate; Eq. 3.2 represents the 
fan pressure and Eq. 3.3 represents the power as the speed of the fan is varied.  
 
3:1 ndCQLaw v         (3.1)  
 
22:2 dnCPLaw ps           (3.2) 
 
53:3 dnCPLaw w          (3.3) 
 
Once the data of a single point on the fan characteristic curve are known at a specific speed, the 
coefficients (Cv, Cp, Cw) in Eqs. 3.1 to 3.3 become known; hence the operating point of the fan 
at any speed may be determined. This concept of using the fan laws to determine new operating 
points of the fan is explained further using the next example. If 20 % more air is required then 
the fan speed needs to be increased by 20 % according to Eq. 3.1. The resulting static pressure 
will be 44% higher according to Eq. 3.2 and the resulting power will be 73 % higher according 
to Eq. 3.3. These laws only apply to the fan characteristic curve and not to the system as a 
whole. The curve that represents the system is known as the system characteristic curve which is 
discussed next in Section 3.2.2. 
 
3.2.2 System characteristic 
 
      
 
Fig.  3.6 Typical industrial air ventilation systems [24] 
 
A system is any assembly of ducts, bends, dampers or any other equipment through which a fan 
draws in and discharges air as shown in Fig.  3.6. A system characteristic or resistance curve 
(Fig.  3.7) is a graphical representation of how the system reacts to a given air-flow. The system 










Fig.  3.7 Typical system resistance curves 
 
Referring to Fig.  3.7, a system resistance curve always starts where the flow and static pressure 
are zero. In a system which is fixed, the pressure at a given flow varies as the square of the air-
flow [9]. When a system physically changes the coefficient of the square law changes (see Eq.  
3.2), such as if a damper is opened then the coefficient of the square law decreases and the 
system resistance is reduced resulting in a lower pressure. The closing of a damper or an 
obstruction in the duct increases the coefficient of the square law and the system resistance 
resulting in a higher pressure.  
 
 
Fig.  3.8 Operating points of a fan 
 
Once the system characteristic curve (Fig.  3.7) is determined, it may then be superimposed on 
the fan characteristic curve (Fig.  3.4) to determine the operating point of the fan in that specific 
system as shown in Fig.  3.8. 






3.3 Flow control 
 
Although there are numerous ways of controlling the required air-flow rate, only damper control 
and speed regulation are discussed for the purpose of this thesis. The manufacturer’s fan 
characteristic curve shown in Fig.  3.5 is repeated in Fig.  3.9 having two system resistance 
curves drawn on it. The system resistance curves shown by the solid red line and solid blue line 
in Fig.  3.9 are assumed and drawn here to demonstrate the principle of a system resistance 
curve and how the operating point of a fan changes as the flow rate changes. It must be noted 
that the system resistance curve is drawn on the 70% efficiency line in Fig.  3.9 and is assumed 




Fig.  3.9 System characteristic curve superimposed on the manufacturer’s fan characteristic curve 
showing the effects of damper control and speed regulation  






3.3.1 Damper control  
 
Damper control is the simplest method of controlling the air-flow rate where the fan inlet or 
outlet area is shut off or dampened by a shutter. Closing or opening the damper effectively 
modifies the system characteristic curve. 
 
Referring to Fig.  3.9 it is assumed that the fan is initially operating at point A where the green 
line is the chosen fan characteristic curve and the solid red line is the chosen system 
characteristic curve. Closing the damper effectively modifies the system characteristic curve 
causing it to move from point A along the green line towards Point B. The flow rate reduces 
from 2.38 m3/s to 1.3 m3/s and the new system characteristic curve is represented by the solid 
blue line. With this form of flow control the fan characteristic curve remains constant and the 
system characteristic curve changes. Between flow rates of 1.3 m3/s and 3 m3/s the chosen fan 
characteristic curve follows the 1.5 kW constant power curve whilst at flow rates below 1.3 m3/s 
the fan power reduces to almost 1 kW. This method of flow control is simple, however it 
expends more energy compared to variable speed control of a fan and thereby incurs higher 
operating costs, especially where a wide range of flow rates are required since fan power 
remains almost constant over certain ranges of flow.   
 
3.3.2 Speed regulation 
 
Speed regulation is the most efficient method of flow control available for fans. This method of 
air volume control dispenses with the damper system. The air-flow rate is varied by regulating 
the speed of the VSD operated fan. The effect of changing the speed of the fan is depicted in 
Fig.  3.9.  
 
Referring to Fig.  3.9, it is assumed again that point A is the initial point of operation where the 
green line is the chosen fan characteristic curve and the solid red line is the chosen system 
characteristic curve. To change to a flow rate of 1.3 m3/s from a flow rate of 2.38 m3/s, the 
operating point moves along the system characteristic curve towards point C. The power drawn 
by the fan at point C is 0.25 kW. With this form of air-flow control the fan characteristic curve 
changes and the system characteristic remains constant. The fan characteristic curve is now 
shown by the purple line. As the fan speed is varied between 500 rpm and 1400 rpm, the power 
of the fan varies in accordance with Eq. 3.3 and as depicted by the various constant power 






curves in Fig.  3.9 therefore as the air-flow rate decreases, the power consumed by the fan 
decreases. 
 
3.4 Torque-speed and power-flow representations 
 
In Section 3.3 both damper control and speed regulation were discussed based on simplified 
assumptions. A graphical representation of how the torque and speed of the induction machine 
driving the fan changes and how the power drawn and air-flow rate produced by the fan varies 
when both forms of flow control are implemented is shown in this section in Fig.  3.10 and Fig.  
3.11. This is based on the same assumptions as stated in Section 3.3, system resistance curve on 









Fig.  3.11 Power-flow of the fan 






Fig.  3.10 shows that the torque remains significantly high as the air-flow rate (Fig.  3.11) of the 
fan varies under damper control, while under speed regulation the torque reduces significantly. 
The power utilised by the fan under variable speed and damper operation is shown in Fig.  3.11. 
The saving of power through variable speed operation of the fan is clearly visible by this 




The different characteristics of the backward curved centrifugal fan have been presented and 
discussed since this type of fan is used at Anglo Coal South Africa. The manufacturer’s fan 
characteristic curve for a backward curved centrifugal fan was shown and the effect of varying 
the air-flow rate of the fan through speed control and damper control were presented based on 
theoretical assumptions. 
 
















Chapter 2 presented the two axes theory of the induction machine, the theory of FOC and the 
controller design process. Chapter 3 presented the characteristics of backward curved 
centrifugal fans and both damper and variable speed operation of these centrifugal fans were 
presented based on assumptions made on the manufacturer’s fan characteristic curve.  
 
A test bed that could replicate the operation of any fan ventilation system was required to 
develop the M&V methodology. Before any simulations could be performed, the test bed 
hardware and interfacing were required. This chapter describes the hardware and interfacing of 
a 3 kW test bed. 
  




Fig.  4.1 Block diagram representation of the test bed 






Fig.  4.1 depicts the test bed schematically. The narrow lines linking the components of the test 
bed represent communication and signal lines and the thick bold lines represent power lines. 
Hardware manufactured by Siemens was specified by NPC for use in the development of the 
test bed since similar hardware is used at Anglo Coal South Africa. The purpose of each 
component in the test bed is discussed below.  
 





Fig.  4.2 Programmable Logic Controller 
 
A Siemens S7-315 2PN/DP PLC shown in Fig.  4.2 performs some of the supervisory logic and 
control in the project. The module has 256 kB of working memory and a micro memory card to 
store the user defined programmable software. The PLC has two ports available, one being a 
Multi Point Interface (MPI)/Distributed Peripheral (DP) port while the other is an Ethernet port. 
The MPI/DP port is used for PROFIBUS communication. PROFIBUS is an international, open 
field bus communication profile used for high speed data transmission using low cost        
connections [16]. It is a bus which allows several automation, visualisation or engineering 
systems with field devices to operate together [16]. PROFIBUS is used to communicate with the 
two FOC Drives as shown in Fig.  4.1. The Ethernet port is used for programming the PLC and 
for linking the test bed to a SCADA program. PROFIBUS and Ethernet were chosen as the 
communication mediums in the test bed since the same communication media are used at Anglo 
Coal South Africa.  
 
 High Speed Counter module 
 
The High Speed Counter (HSC) expansion module of the PLC is used to read the speed signals 
(pulses) received from the incremental encoder attached to the shaft of Machine2 in the test bed 
as shown in Fig.  4.1. The HSC module calculates speed by counting the number of pulses per 
encoder revolution within a dynamic measuring time [17].  






 RS 232C module 
 
The RS 232C serial expansion module of the PLC is used to provide the communication link 
between the power meter and the PLC as shown in Fig.  4.1. The serial expansion module 
enables all the quantities measured by the power meter to be accessed by the PLC.     
 
 Analogue module 
 
The analogue module shown in Fig.  4.1 is a 4 input/2 output 8 bit module. The module allows 
for both voltage inputs/outputs and current inputs/outputs. The torque calculated by VFD2 in the 
test bed is sent to the PLC via the current interface of the analogue module as shown in          
Fig.  4.1.  
 




The main objective of a VFD is to provide a variable frequency output. The main hardware 




Fig.  4.3 Schematic of the VFD 
 
Referring to Fig.  4.3, the supply is rectified to DC via the diodes labelled D1-D4. The capacitor 
(C1) assists in maintaining a constant DC link voltage and also ensures a near sinusoidal current 
output for superior torque performance of the machine. The transistors Q1-Q6 are intelligently 
gated to produce the variable frequency output. 








Fig.  4.4 3 kW Micromaster 440 VFD 
 
The two VFDs used in the test bed are identical and are commercially available 
MICROMASTER 440 3 kW VFDs manufactured by Siemens as shown in Fig.  4.4. The input 
voltage of the VFD is 230 V 50 Hz single phase. The output voltage of the VFD is three phase 












Fig.  4.5 Software integration 
 
The MICROMASTER 440 VFDs  are used to control Machine1 and Machine2 of the test bed 
under FOC. Referring to Fig.  4.5, the required speed and torque setpoints are calculated in the 
PLC and sent via PROFIBUS to VFD1 and VFD2 respectively. VFD1 operates Machine1 under 













and VFD2 operates Machine2 under Torque Control enabling Machine1 to represent the 
machine driving a fan and Machine2 to represent the fan.  
  




Fig.  4.6 Power flow in the test bed 
 
The power flow in the test bed is described using Fig.  4.6. Machine1 of the test bed operates as 
a motor while Machine2 operates as a generator. The DC links on both VFD’s of the test bed 
are connected enabling the power generated by Machine2 to be fed back into the system as 
shown in Fig.  4.6. The power flowing into the DC link of VFD1 from VFD2 has to equal the 
power flowing out of the DC link of VFD1 for the voltage across the DC link capacitor of 
VFD1 to remain constant. The power drawn from the mains supply is therefore only used to 
replace electrical and mechanical losses in the test bed. Referring to Fig.  4.6, the power (Power 
out1) flowing out of VFD1 therefore comprises the power (Power in from the mains supply) 
required to replace the losses in the test bed and the power (Power in 2) flowing in the DC link 
of VFD1 from VFD2. The power drawn from the supply to replace these losses is measured 
using the power meter discussed next. 
 
 






 Power meter 
 
A Satec single phase AC power meter shown in Fig.  4.7 is used to measure the input power of 
the test bed. Due to Machine1 operating as a motor, Machine2 operating as a generator and 
having the DC links linked on both VFDs, the power meter only measures the power required to 




Fig.  4.7 Satec power meter 
 




Fig.  4.8 Schematic of the power meter terminals and connections [19] 
 
Referring to Fig.  4.8, using the power meter’s RS 485 serial port all the measured quantities are 
accessed and made available by the PLC via its RS 232C serial communication module. 
Additional Moxa hardware shown in Fig.  4.9 was utilised to convert the RS 485 signal 
transmitted from the power meter to RS 232. The electrical connection of the power meter to the 
RS 232C serial module via the Moxa is shown in Fig.  4.10. 
 














Fig.  4.10 Connection diagram for the serial port conversion 
 
 
 Control terminals 
 
The MICROMASTER VFD has a set of control terminals as shown in Fig.  4.11. The control 
terminals provide the analogue output (Terminals 12 and 13) required to send the torque 




Fig.  4.11 Control terminals available on the VFD [14] 






 PROFIBUS module 
 
To enable the PLC to communicate with each VFD of the test bed, an additional PROFIBUS 
module is attached to each VFD. A picture of this PROFIBUS module is depicted in Fig.  4.12.  
 
 
Fig.  4.12 PROFIBUS module for the VFD 
 
4.2.3 Incremental encoder 
 
The incremental encoder used to provide speed feedback from the test bed is a 24 V 50 mA 
encoder (Fig.  4.13). The maximum counting frequency of the encoder is 300 kHz. Single 
evaluation (1024 pulses per revolution) of the encoder signals are enabled, since the HSC 
module does not support both double evaluation (2048 pulses per revolution) and quadruple 
evaluation (4096 pulses per revolution) of the encoder signals. The incremental encoder is 





Fig.  4.13 Leine and Linde speed transducer 






4.3 Earthing strategy 
 
Large currents are switched through the power electronic devices in each VFD; therefore the 
generation of Electromagnetic Interference (EMI) is very high. The EMI generated can manifest 
itself in two ways: the first is noise being induced into the signal wires (signals of the speed 
transducer); and secondly is ground loops. Ground loops result in circulating currents flowing in 
the signal cable shielding and system framework. Ground loops may cause damage to 
equipment due to volt drops generated between ground points in the loop.  
 
The problem of EMI induced in the signal cables (speed signal) was addressed with the use of 
screened cables. The screened cables were only earthed on the return side of the signal cable to 




Fig.  4.14 Earthing strategy 
 
 
The problem of ground loops was addressed by earthing the VFDs, housing box, test bed 
machines and encoder shielding individually, employing a ‘tree’ like earthing structure as 
shown in Fig.  4.14. All earth leads used were kept as short as possible to limit the resistance in 
the earth paths, in order to limit the volt drops generated by any earth currents. 
 
4.4 Complete test bed 
 
The two induction machines shown schematically in Fig.  4.1 are shown stiffly coupled together 
in Fig.  4.15. The framework which holds both induction machines together was made out of 
iron. Both induction machines are identical, therefore no special modifications had to be done 
on the framework since the shafts of the machines lined up perfectly for direct coupling.  







Fig.  4.15 Induction machines coupled together 
 
The control and monitoring components of the test bed that were discussed in Section 4.2 are 




Fig.  4.16 Equipment housing 
 
The induction machines shown in Fig.  4.15 and the equipment shown in Fig.  4.16 together 




This chapter described the hardware and interfacing of the components required to operate and 
monitor the test bed.   
 
The next chapter discuses the commissioning of the test bed.  











In Chapters 2 and 3 the theory of the induction machine, the principles of FOC and the 
characteristics of centrifugal fans were presented. This was followed by the hardware and 
interfacing of the test bed in Chapter 4.  
 
This chapter presents the commissioning of the test bed. The commissioning was carried out in 
two phases. The first phase involves the calculation and verification of the electrical and 
mechanical parameters for the induction machine model. The machine’s parameters are first 
calculated by doing manual tests and are then calculated by the VFD. The parameters are then 
verified by simulating the response of the machine and comparing it to the actual measured 
response of the machine. The machine parameters are necessary because they are used in the 
second phase of commissioning which involves a computer simulation of the test bed under 
FOC. The parameters are therefore required in the design of the controllers utilised to 
implement FOC. The practical results gained from the test bed are then presented. The two 
induction machines of the test bed have the same nameplate data therefore for Phase 1 of the 
commissioning process the results of only one machine is shown to avoid repetition. The 























5.2 Manual tests 
 
Three manual tests were performed to determine the electrical and mechanical parameters of the 
induction machine using the IEEE Standard Test Procedure for Polyphase Induction Machines 
and Generators (Std 112-1984) [6]. These tests are briefly described below stating the final 
results obtained from each specific test. Refer to Appendix D for the full calculations and results 
obtained from testing the machine. The stator windings of the machine were connected in delta 
for the tests described in Sections 5.2.1 to 5.2.3 since the VFDs in the test bed are connected in 
delta.  
 
5.2.1 No load test 
 
The no load test was performed to measure the parameters Rm (core losses) and Lm (mutual 
inductance). The rated voltage (230 V) of the machine was applied while the machine ran on no 
load. The measured data is shown in Appendix D, Fig. D.3 resulting in a Rm of 605.55 Ω and Lm 
of 0.187 H.  
 
5.2.2 Locked rotor test 
 
The locked rotor test measured the parameters Re (stator and referred rotor resistance) and Le 
(stator and referred rotor inductance). A reduced voltage was applied to the machine until the 
rated current flowed in its stator windings as shown in Appendix D, Fig. D.5. The results 
showed Re to be 3.74 Ω and Le to be 0.0222 H at the rated current (11.1 A) of the machine. Le 
may decrease at higher currents especially during a DOL start-up due to the machine saturating. 
 
5.2.3 Windage and Friction loss test 
 
Some of the losses present in an induction machine are:  
 copper losses in the stator and rotor windings. 






 mechanical losses due to bearing friction and the cooling fan. 
 hysteresis and eddy current losses. 
 
The no load loss due to friction and the cooling fan at synchronous speed of the machine as 
shown in Appendix D, Fig. D.6 is 22.975 W.   
 
A rundown curve of the machine under no load presented in Fig. D.7 and Fig. D.8 (Appendix 
D) showed the rate of change of speed to be -31.751 rad/s2. This enabled the machine’s inertia 
(J) and frictional damping coefficient (B) to be calculated; J was found to be 0.00459 kg.m2 and 
B 0.00093 Nms/rad.  
 
Measured parameters 
Parameter name Parameter symbol Value 
Stator resistance R1 2.3 Ω 
Referred rotor resistance R2’ 1.440199 Ω 
Stator leakage inductance L1 0.01111 H 
Referred rotor leakage inductance L2’ 0.01111 H 
Magnetising resistance Rm 605.55 Ω 
Mutual inductance                Lm 0.187 H 
Inertia                 J 0.00459 kg-m2 
Frictional damping coefficient                B 0.00093 N.m.s/rad 
 
Table 5.1: Measured machine parameters 
 
5.3 VFD calculated machine parameters 
 
The MICROMASTER VFDs used in the test bed are commercially available Siemens VFDs 
that may be programmed to perform a number of functions. One of the functions that the VFD 
can perform is to determine the electrical and mechanical parameters of the induction machine 
connected to it. Specialised software called Drive Monitor available for use with the 
MICROMASTER VFDs is used to display the measured data from the VFD and set the various 
available programmable functions. A screen captured from Drive Monitor is shown in Fig.  5.1 
displaying the electrical and mechanical parameters of the induction machine that were 
determined by the VFD. The extreme left of the screen shown in Fig.  5.1, the green and yellow 
blocks, show the parameter number of a specific parameter. The second last column from the 
left displays the value of a specific parameter.  






          
 
Fig.  5.1 Parameters of the machine calculated by the VFD 
 
Referring to parameter P0350 and parameter P0352 in Fig.  5.1 the machine’s stator resistance 
is calculated as shown in Eq. 5.1: 
 
0352P0350PR1          (5.1) 
cableline1 RRR            
408.081051.2R1   
4.2R1   
 
With reference to Fig.  5.1, the induction machine’s parameters are repeated in Table 5.2. 
 
VFD calculated parameters 
Parameter name Parameter symbol Value 
Stator resistance R1 2.4 Ω 
Rotor resistance  R2 1.51172 Ω 
Stator leakage inductance L1 0.010469 H 
Rotor leakage inductance L2 0.011 H 
Mutual inductance Lm 0.209 H 
Inertia - Method 1                J 0.0055 kg-m2 
 
 
Table 5.2: VFD calculated machine parameters 
 






5.4 Direct On Line start-up current and speed 
 
For the purposes of verifying the induction machine’s parameters calculated by doing manual 
tests and by the VFD, the Direct On Line (DOL) stator current and speed responses of the 
induction machine were captured on an oscilloscope and imported to Matlab. The machine’s 
terminals were connected in Star for this test with a reduced voltage of 300 V to prevent the 
machine’s iron parts from saturating during start-up since saturation of the machine will not 
occur with the simulation model.   
 
 
Fig.  5.2 DOL start-up current peaking at 40 amps 
 
A rapid rise in the stator phase A current is shown in Fig.  5.2 which accurately describes an 
induction machine since the start-up current of an induction machine during a DOL start-up is 
approximately 5 to 8 times greater than the rated current (6.4 A, Appendix A.1) of the machine. 
The maximum current at the first peak of the current signal is 40 A. 
 
 
Fig.  5.3 DOL start-up speed with a final speed of approximately 157 rad/s 






Fig.  5.3 depicts the DOL speed response of the machine. The machine reaches no load speed in 
approximately 0.05s.  
 
5.5 DOL start-up SimulinkTM simulation of the machine using the measured and 
VFD calculated parameters 
 
The parameters of the machine have been determined by doing manual tests and by the VFD. 
The measured DOL start-up of the machine has been presented in the previous section. In this 
section the DOL start-up of the machine using the two sets of machine parameters is simulated 
using software called SimulinkTM. The simulated DOL start-up is then compared to the 
measured DOL start-up to verify the accuracy of the machine’s parameters.    
 
Fig.  5.4 shows the SimulinkTM model comprising a 300 V three phase source, connected to a 
circuit breaker, connected directly to a star connected induction machine. The speed and current 




Fig.  5.4 SimulinkTM model for a DOL start-up 
 
 
The DOL start-up of the machine is first simulated using the manually measured parameters and 
compared to the actual DOL start-up responses (Fig.  5.2 and Fig.  5.3) as shown in Fig.  5.5 and 











Fig.  5.5 Comparison of the stator phase A current response 
 
Fig.  5.5 compares the simulated DOL start-up response to the measured DOL start-up response 
(Fig.  5.2). The stator phase A currents shown in Fig.  5.5 follow one another accurately. 
 
 
Fig.  5.6 Comparison of the speed response 
 
The simulated DOL start-up speed response of the machine is compared to the measured (Fig.  
5.3) DOL start-up speed response in Fig.  5.6. There are oscillations in the simulated speed 
response causing the machine to reach no load speed after approximately 0.3s.  
 
The simulated DOL start-up responses of the machine using the VFD calculated parameters as 
shown in Section 5.3 and the measured frictional damping value given in Section 5.2 are now 






compared to the actual DOL start-up responses (Fig.  5.2 and Fig.  5.3). These comparisons are 
presented below in Fig.  5.7 and Fig.  5.8.  
 
 
Fig.  5.7 Comparison of the stator phase A current response 
 
The simulated and measured DOL start-up stator phase A current responses are compared in 
Fig.  5.7. The stator phase A currents follow each other accurately.  
 
 
Fig.  5.8 Comparison of the speed response 
 
Fig.  5.8 compares the measured DOL start-up speed response (Fig.  5.3) to the simulated DOL 
start-up speed response of the machine. The simulated speed response also has oscillations 
causing the machine to reach no load speed after approximately 0.3s similar to when the 
measured parameters of the machine were used as the input data for the SimulinkTM model 
shown in Fig.  5.4.  






5.6 Identification of the machine’s parameters using the Optimisation toolbox 
for SimulinkTM  
 
Two sets (Measured and VFD calculated) of parameters were used to simulate the machine 
starting up DOL. The SimulinkTM simulations were then compared to the measured DOL 
responses which showed discrepancies in the speed response of the machine. The next step was 
to try and get better correlation as it was obvious the parameters were incorrect. This was done 




Fig.  5.9 Setup of the machine with signal constraints connected to the machine’s output 
 
 
To try and achieve better correlation between the measured and simulated DOL start-up 
responses, the measured DOL start-up responses were imported to SimulinkTM. The DOL start-
up stator phase A current and speed responses were imported to the signal constraint blocks 
shown in Fig.  5.9 labelled ‘start-up speed’ and ‘start-up current’ as shown in Fig.  5.10 and Fig.  
5.11. The measured DOL start-up responses are shown in grey and the black lines around the 
grey curves are the signal boundaries which I have set. At the bottom of the signal constraint 
figures shown in Fig.  5.10 and Fig.  5.11 there are two boxes which have been ticked, namely 
‘enforce signal bounds’ meaning restrict the simulated response to within the black lines and 
‘track reference signal’ in other words, try and follow the grey curves as closely as possible.  
 
 













Fig.  5.11 Speed constraint window of the model 
 
 
The parameter identification process starts by simulating the current and speed responses 
of the induction machine using the initial measured parameters from Section 5.2. The 
parameter identification process then adjusts the machine’s parameters Rr, Lr, Sr, Lm, Ls, B 
and J until there is a better correlation between the actual and simulated responses. The various 
simulated response curves are shown by the different colour curves in Fig.  5.12 and Fig.  5.13.  















Fig.  5.13 Optimisation of the speed response as shown by the various different colour curves 
 
 
Referring to Fig.  5.12 and Fig.  5.13, the blue curve represents the first simulation of the 
machine with the initial parameters and the last simulation is depicted by the solid black curve. 
These black curves are shown in Fig.  5.14 and Fig.  5.15 for clarity purposes. 













Fig.  5.15 Final speed signal solution obtained by optimisation 
 
 
The final parameters of the machine obtained at the end of the optimisation identification 
process are shown in Fig.  5.16. 









Fig.  5.16 Identified machine parameters as shown by the optimisation window available during the 
optimisation identification process 
 
 
5.7 DOL start-up simulation of the machine with the Optimisation toolbox 
identified parameters 
 
The same SimulinkTM model of the machine (source supplying 300 V for a star connected 
machine) as depicted in Fig.  5.4 was used to simulate the machine starting up DOL using the 
Optimisation toolbox identified parameters as the input data for the machine model. The 
simulated stator phase A current and speed responses of the machine are compared to the 
measured DOL start-up responses as shown in Fig.  5.17 and Fig.  5.18.  
 
 











Fig.  5.18 Comparison of the speed response 
 
 
Fig.  5.17 depicts the stator phase A currents tracking each other accurately. Fig.  5.18 shows the 
measured DOL start-up speed response ‘approximately’ matching the simulated DOL start-up 
speed response. The simulated speed response is still oscillatory unlike the actual response of 
the machine; however the oscillations are not as large as compared to the previously simulated 
responses of the machine shown in Fig.  5.6 and Fig.  5.8.  
 











Measured VFD calculated Optimisation 
toolbox identified 
R1 2.3 Ω 2.4 Ω 2.35 Ω 
R2 1.440199Ω 1.51172 Ω 1.49 Ω 
L1 0.01111H 0.010469 H 0.01 H 
L2 0.01111H 0.011 H 0.009987 H 
Lm 0.187 H 0.209 H 0.199 H 
J (method 1) 0.00459 kg-m2 0.0055 kg-m2 0.0046 kg-m2 
B 0.00093 N.m.s/rad - 0.0008926 N.m.s/rad 
 
 
Table 5.3: The various sets of machine parameters 
 
Referring to Table 5.3, there are small differences between the measured, VFD calculated and 
Optimisation toolbox identified parameters. The differences in the actual speed response of the 
induction machine compared to the simulated speed responses of the induction machine are due 
to using a digital encoder (Fig. 4.13) to capture the speed signal. The digital speed signal from 
the encoder is passed through the PLC which converts the signal to analogue to be displayed 
and captured on an oscilloscope. The active filters on the digital to analogue converter and the 
slow sampling rate of the PLC could not capture the fast true start-up response of the machine.  
 


























5.9 Test bed simulation 
 
The measured, VFD calculated and Optimisation toolbox identified parameters of the machine 
have small variances. Any set (whether VFD calculated, measured or Optimisation toolbox 
identified) of the electrical and mechanical parameters of the induction machine could therefore 
be used to design the controllers and simulate the test bed under FOC. The Optimisation toolbox 
identified parameters were used to design the controllers and to simulate the test bed machines 
under FOC. All the variables are plotted in physical units and not on a per unit based system of 
units.  
 
Following the design procedure outlined in Chapter 2, Section 2.5 the controller gains were 
calculated as shown in Appendix C and are provided in Table 5.4 below. The inverter is 
assumed to be ideal and has an input voltage of 220 V AC. The DC link voltage of the inverter 
is 311 V DC but the DC link voltage in the d-q reference frame is 311*√(3/2) V DC. The 
inverter is neglected in the simulations therefore the gains of the current controllers are 










Table 5.4: Controller gains calculated using the optimised machine parameters 
 
To show the decoupling of the induction machine under FOC and to verify the accuracy of the 
controller design process, the test bed is simulated under FOC using the above controller gains. 
Fig.  5.19 and Fig.  5.20 show the SimulinkTM block diagrams of Machine1 operating under 
Field Oriented Speed Control and Machine2 operating under Field Oriented Torque Control 
respectively. The machines in the test bed are coupled therefore the block diagrams shown in 
Fig.  5.19 and Fig.  5.20 are combined to represent the test bed as shown in Fig.  5.21. 



















Fig.  5.19 SimulinkTM block diagram representation of Machine1 operating under speed control 
 
 


























Fig.  5.20 SimulinkTM block diagram representation of Machine2 operating under torque control 
 









Fig.  5.21  SimulinkTM block diagram representation of the test bed 
 
Referring to Fig.  5.21, a step input (157 rad/s) to the speed reference (ωr*) is applied to 
Machine1 after 1s and a time varying, stepped torque load is commanded from Machine2 after 
1.5s. A torque load of 5 Nm was demanded at time = 1.5s, 7 Nm at time = 1.7s and finally 3 Nm 
at time = 2s. The simulated responses of Machine1 and Machine2 are presented and discussed in 
Section 5.9.1 and Section 5.9.2 respectively. 
 
5.9.1 Machine1-Speed controlled 
 
The responses of Machine1 under speed control are presented and discussed in this section 



































Fig.  5.22 Speed response of Machine1 
 
 
The speed response of Machine1 shown in Fig.  5.22 has no oscillations in it as the speed (ωr) of 
both the test bed machines increase from zero to the reference speed (ωr*) of 157 rad/s 
demanded due to the uniformity of torque (see Fig.  5.27) that is produced.  
 
The d-axis stator transient current response is depicted in Fig.  5.23 when subjected to a step 
change of 3.68 A in the d-axis current reference (ids*) producing the required rated rotor flux 
linkage of 0.73 Wb as shown in Fig.  5.24. Refer to Appendix B for the calculation of the rated 
rotor flux linkage.  
 
 
Fig.  5.23 d-axis stator current (ids) of Machine1 







Fig.  5.24 d-axis rotor flux linkage (λdr) of Machine1 
 
Fig.  5.25 and Fig.  5.26 depict the q-axis stator current response. During an initial period of one 
second the machine is pre-fluxed by holding the q-axis stator current reference (iqs*) to zero. 
This allows for the d-axis rotor flux linkage (λdr) to build up to its rated value of 0.73 Wb; the 
machine will now be able to respond with full torque if required. A step in the speed (ωr*) 
reference is applied after the pre-fluxing period as shown in Fig.  5.22 causing the q-axis 
reference current (iqs*) and the actual q-axis current (iqs) to rise rapidly reaching its limit of 
12.24 A. The induction machine is protected by limiting the q-axis current until the actual speed 
(ωr) of the machine reaches the specified reference speed (ωr*) demanded. After 1.5s torque is 
again produced by the machine due to the load applied by Machine2 therefore the stator q-axis 
current changes according to the amount of torque required to match the load. The torque 
response of the machine is shown in Fig.  5.27. 
 
 
Fig.  5.25 q-axis stator current (iqs) of Machine1 







Fig.  5.26 Enlarged view of Fig.  5.25 from 0.99s to 1.007s 
 
The torque response shown in Fig.  5.27 has a similar shape to that of the q-axis stator current 
response clearly illustrating the relationship between the two as given in Eq. 2.10 in Chapter 2. 
The decoupled structure of the induction machine gives rise to a linear torque response. After 1s 
the torque rises rapidly and settles down to almost 0 Nm once the reference speed demanded 
shown in Fig.  5.22 is reached. After 1.5s torque is applied by the machine to match the load 
applied by Machine2. According to Eq. 2.10 which is repeated here as Eq. 5.2, 0.695 A of 
current produces 1 Nm of torque. This relationship is verified by the q-axis stator current 
response shown in Fig.  5.25 and the torque response shown in Fig.  5.27; 12.24 A of current 
results in a torque of 8.5 Nm.   
 
qsem i695.0T           (5.2)  
 
Fig.  5.27 Torque response of Machine1 






The q-axis rotor flux linkage (λqr) response shown in Fig.  5.28 is zero. 
 
 
Fig.  5.28 q-axis rotor flux linkage (λqr) of Machine1 
 
The linear torque response, λdr being maintained at its rated value and λqr equalling zero shows 
the correct application of FOC. 
 
5.9.2 Machine2-Torque controlled 
 
The responses of Machine2 under torque control are presented and discussed in this section 
whilst subjected to a time varying, stepped torque input as shown in Fig.  5.29. A torque load of 
5 Nm was demanded at time = 1.5s, 7 Nm at time = 1.7s and 3 Nm at time = 2s. 
 
 
Fig.  5.29 Torque response of Machine2 







Fig.  5.30 Enlarged view of Fig.  5.29 from 1.4995s to 1.5046s  
 
Fig.  5.31 depicts the d-axis stator transient current response when subjected to a step change of 
3.68 A in the d-axis current reference (ids*) producing the required rated rotor flux linkage of 




Fig.  5.31 d-axis stator current (ids) of Machine2 
 
 
Fig.  5.32 d-axis rotor flux linkage (λdr) of Machine2 






The q-axis stator current response is depicted in Fig.  5.33 and Fig.  5.34. After 1.5s a step in the 
torque reference (Torque*) causes the q-axis reference current (iqs*) to rise rapidly until the 
actual torque (Torque) of the machine reaches the specified reference torque (Torque*). The q-
axis stator current changes depending on the torque demanded. To produce 5 Nm of torque,     
7.2 A of current is required as shown in Fig.  5.33. The ratio of torque to current is the same as 
that defined in Eq. 5.2. 
 
 
Fig.  5.33 q-axis stator current (iqs) of Machine2 
 
 
Fig.  5.34 Enlarged view of Fig.  5.33 from 1.499s to 1.507s 
 
The speed response of Machine2 is shown in Fig.  5.35. Due to Machine1 being stiffly coupled 
to Machine2 the speed response of Machine2 corresponds to the speed response of Machine1. 
The speed response of Machine1 and Machine2 is therefore the response of the test bed and not 
the individual machines. 
 







Fig.  5.35 Speed response of Machine2 
 
 
Fig.  5.36 q-axis rotor flux linkage (λqr) of Machine2 
 
The q-axis rotor flux linkage (λqr) equals zero as depicted in Fig.  5.36 showing the correct 
application of FOC.  
 
5.10 Practical results gained from the test bed 
 
Following the SimulinkTM simulations of the induction machine under FOC, the test bed VFDs 
were programmed. VFD1 and VFD2 were configured such that both Machine1 and Machine2 
operate under FOC. The various internal control loops of each VFD which allow speed and 
torque control of the induction machines are shown in Fig.  5.37 to Fig.  5.39. The inputs and 
outputs to the blocks presented in Fig.  5.37 to Fig.  5.39 show the parameter name, parameter 
number and the defined range of the parameter to be set using the Siemens Drive monitor 
software. Note that Fig.  5.37 to Fig.  5.39 have been reproduced from the ‘MICROMASTER 
440, Parameter list’ manual [15].   







Fig.  5.37 Overview of the speed controller [15] 









Fig.  5.38 Overview of the torque controller [15] 









Fig.  5.39 Current control Observer model [15] 






Referring to Fig.  5.37 through to Fig.  5.39, the main control loops blocked in blue form the 
heart of FOC and correspond to the control loops designed in Chapter 2, Section 2.5. All 
additional blocks provide improved control of the machine resulting in a technologically 
advanced VFD. The actual d-axis stator current (Parameter r0075 in Fig.  5.39) and q-axis stator 
current (Parameter r0078 in Fig.  5.39) responses of Machine1 and Machine2 were output to an 
oscilloscope using the analogue outputs available on each VFD. 50 ms filters were active on the 
analogue outputs of each VFD when the stator current responses shown in Fig.  5.40 to Fig.  
5.43 were captured.  
 
A step input (1450 rpm) to the speed reference (ωr*) was applied to Machine1 to obtain the d-
axis stator current response of Machine1. Once this response was obtained, a step torque input 
(7 Nm) to the torque reference (T*) was applied to Machine2 to obtain its d-axis stator current 
response while Machine1 continued to operate at 1450 rpm. The d-axis stator current responses 








Fig.  5.41 d-axis stator current response - ids of Machine2 






The d-axis stator current response of Machine1 is shown in Fig.  5.40 rising to 3.8 A in 308 ms 
while for Machine2 the d-axis stator current rose to 3.75 A in 304 ms as shown in Fig.  5.41.  
 
To obtain the q-axis stator current responses of Machine1 and Machine2 a load of 
approximately 4 Nm was applied to Machine 1, while a load of 4 Nm was demanded from 








Fig.  5.43 q-axis stator current response - iqs of Machine2 
 
The q-axis stator current response of Machine1 is shown in Fig.  5.42 reaching 2.85 A in        
184 ms. The q-axis stator current of Machine2 reached 2.9 A in 140 ms as shown in Fig.  5.43. 
  
With reference to Section 5.9, the SimulinkTM simulated d-axis stator current responses of 
Machine1 and Machine2 each rose to 3.68 A in 4 ms. The SimulinkTM simulated q-axis stator 
current response of Machine1 peaked at 12.24 A in 4 ms when a step input to the speed 
reference was applied and for Machine2 the SimulinkTM simulated q-axis stator current response 
peaked at 7.2 A in 4 ms when a step torque input to the torque reference was applied. The actual 
d-axis and q-axis stator current responses are much slower than the simulated responses of the 






machine due to the time constants in the d-axis and q-axis current controllers being slow. The 
time constants could not be changed in the VFDs due to the restricted access of these parameters 
and safety limitations implemented by Siemens. Nevertheless the slow response of the test bed 
machines is not significant in the context of the test bed being used to replicate the 
characteristics of centrifugal fan systems. 
 
The stator d-axis and q-axis currents of both Machine1 and Machine2 were then monitored and 




Fig.  5.44 d-axis stator current - ids of Machine1 under various loads 
 
The d-axis stator current of Machine1 remained at approximately 3.8 A while the machine was 
subjected to various loads as shown in Fig.  5.44. The minimum and maximum d-axis stator 
currents recorded were 3.55 A and 3.9 A respectively. The d-axis stator current is not constant 
due to the ineffectiveness of the pre-compensator shown in Fig.  5.39 resulting in cross coupling 




Fig.  5.45 q-axis stator current - iqs of Machine1 under various loads 






With reference to Fig.  5.45, the q-axis stator current of Machine1 changed according to the 









Fig.  5.47 q-axis stator current - iqs of Machine2 producing various loads 
 
With reference to Fig.  5.46, the d-axis stator current of Machine2 is shown equaling 
approximately 3.7 A while the machine was applying various loads. The pre-compensation 
implemented by VFD2 is also not as effective as shown by the varying d-axis stator current. The 
q-axis stator current of Machine2 changed according to the amount of torque demanded as 
shown in Fig.  5.47.   
 
The speed response of the test bed (Machine1 coupled to Machine2) was captured on an 
oscilloscope and is shown in Fig.  5.48. The ability of the test bed to maintain the speed 
demanded under various loads is then shown in Fig.  5.49 and Fig.  5.50. 


















Fig.  5.50 Speed (1000 rpm) response of the test bed under various loads 






The speed response of the test bed from 0 rpm to 700 rpm and 1000 rpm while being subjected 
to various step torque loads is shown in Fig.  5.49 and Fig.  5.50 respectively. In both cases the 
disturbances in the speed responses are due to the speed controller taking a finite time to 
readjust to the new condition each time local torque changes. This proves speed control has 





Fig.  5.51 Torque response of Machine2 
 
The demanded torque and actual torque responses produced by Machine2 are shown in Fig.  
5.51 displaying variances which are negligible between the two torque signals. This shows 




Three different methods were used to identify and verify the machine’s electrical and 
mechanical parameters required for the design of the controllers necessary to implement FOC. 
The results have shown similarities in the machine’s parameters. The simulated DOL start-up 
stator phase A current responses using all three sets of parameters matched the measured DOL 
start-up stator phase A current response accurately. The DOL SimulinkTM simulation of the 
machine using the measured and VFD calculated parameters displayed oscillations in the speed 
responses of the machine. Using the Optimisation toolbox identified machine parameters for the 
DOL simulation of the machine resulted in a speed response that had less oscillation causing the 
measured DOL start-up and simulated DOL start-up speed responses to approximately match. 






The optimised machine parameters were therefore used in the designing of the controllers 
required to implement FOC.   
 
The machines of the test bed were first simulated under FOC in SimulinkTM which displayed 
torque control and improved dynamic characteristics of the machine. The machines of the test 
bed were then programmed to operate under speed control and torque control. The actual 
responses of both Machine1 and Machine2 of the test bed have been shown proving the correct 
application of FOC. The speed response of Machine1 showed the machine trying to maintain a 
constant speed under various loads and the torque response of Machine2 showed the reference 
and actual torque signals approximately matching each other.  
 
The next chapter presents SimulinkTM simulations of the test bed replicating a theoretical fan, 
followed by the practical results gained from the test bed replicating this fan. 
 











The test bed was constructed as discussed in Chapter 4 and commissioned as in Chapter 5. 
Commissioning showed that Machine1 could be accurately speed controlled and Machine2 
could be accurately torque controlled so as to act as a configurable load to Machine1. The next 
step was to control Machine2 to act as an arbitrary fan load since the data from Vlaklaagte was 
not available at this time. For this purpose the torque-speed and power-flow curves from 
Chapter 3 are used.  
 
This chapter presents SimulinkTM simulations of the test bed replicating the arbitrary theoretical 
fan followed by the practical results gained from the test bed.  
 
6.2 SimulinkTM simulation of the test bed replicating the theoretical fan  
 
To simulate the test bed replicating the theoretical fan, the torque-speed and power-flow curves 
from Chapter 3 need to be replicated. These torque-speed (Fig. 3.11) and power-flow curves 
(Fig. 3.12) are repeated here as Fig.  6.1 and Fig.  6.2 respectively. The SimulinkTM block 
diagram used to simulate the test bed replicating the theoretical fan is presented in Fig.  6.3 and 
is similar to the SimulinkTM block diagram shown in Fig. 5.21. The torque-speed and power-
flow curves of the theoretical fan are programmed in the SimulinkTM block labelled ‘Fan model’ 
shown in Fig.  6.3. Refer to Appendix E.1 for the contents of the block labelled ‘Fan model’. 
 
 
Fig.  6.1 Torque-speed of the theoretical fan 














Fig.  6.3 SimulinkTM block diagram for the test bed simulation of the theoretical fan 






6.2.1 SimulinkTM simulation results of the test bed replicating the theoretical fan 
 
To simulate the test bed replicating the theoretical fan under variable speed, the speed of the test 
bed was ramped through the speed range shown in Fig.  6.4. To simulate the test bed replicating 
the theoretical fan under damper operation, the speed of the test bed remained fixed (Fig.  6.4) 
as the flow rate was ramped through the range from 0 m3/s to 2.4 m3/s as shown in Fig.  6.5.  
 
 
Fig.  6.4 SimulinkTM simulated torque-speed curves of the test bed replicating the theoretical fan 
under both damper operation and speed regulation 
 
 
Fig.  6.5 SimulinkTM simulated power-flow curves of the test bed replicating the theoretical fan 
under both damper operation and speed regulation 
 
The SimulinkTM simulated responses of the test bed replicating the theoretical fan are shown in 
Fig.  6.4 and Fig.  6.5. To verify the accuracy of the SimulinkTM simulations, the operation of 






the theoretical fan as discussed in Chapter 3 is compared to the SimulinkTM simulations as 
shown in Fig.  6.6 and Fig.  6.7.  
 
 
Fig.  6.6 Comparison of the theoretically calculated and SimulinkTM simulated torque-speed curves 
 
 
Fig.  6.7 Comparison of the theoretically calculated and SimulinkTM simulated power-flow curves 
 
The theoretically calculated fan responses and the Simulink simulated test bed responses shown 
in both Fig.  6.6 and Fig.  6.7 correspond closely, therefore the SimulinkTM simulation of the test 
bed replicating the theoretical fan is correct. The actual test bed was then programmed and the 
practical results gained from the test bed are shown in the next section.  
 






6.3 Test bed practical results-replication of the theoretical fan 
 
With reference to Fig.  6.8, the torque-speed and power-flow curves shown in Fig.  6.1 and Fig.  
6.2 were programmed in the PLC and the calculated speed and torque setpoints sent to VFD1 
and VFD2 of the test bed via PROFIBUS. The speed transducer mounted on Machine2 of the 
test bed provided speed feedback from the system. Torque feedback from the system was 
calculated by VFD2 and sent to the PLC via a 4-20 mA current interface. 
 
 
Fig.  6.8 Test bed hardware and software integration 
 
To replicate variable speed operation of the fan, the speed of the test bed was ramped up to       
1400 rpm. To replicate the damper torque-speed characteristic of the fan, the torque reference 






was ramped from 8.8 Nm to 10.8 Nm and to replicate the damper power-flow characteristic of 
the fan the flow rate reference was ramped from 0.8 m3/s to 2.4 m3/s. 
 
The actual output signals obtained from the test bed were output to an oscilloscope and 
imported to Matlab as shown in Fig.  6.9 and Fig.  6.10.  
 
 
Fig.  6.9 Torque-speed for both speed regulation and damper control of the fan 
 
 
Fig.  6.10 VFD power-flow for both speed regulation and damper control of the fan 
 
The practical results from the test bed shown in Fig.  6.9 and Fig.  6.10 are compared to the 
theoretically calculated responses of the fan and the SimulinkTM simulated responses of the test 
bed replicating the theoretical fan in Fig.  6.11 and Fig.  6.12 to verify the accuracy of the test 
bed.  







Fig.  6.11 Comparisons of the theoretically calculated, SimulinkTM simulated test bed and actual test 




Fig.  6.12 Comparisons of the theoretically calculated, SimulinkTM simulated test bed and actual test 
bed power-flow responses 
 
 
The torque-speed results shown in Fig.  6.11 and the power-flow results shown in Fig.  6.12 
correspond closely and show that the actual test bed is able to correctly replicate the operation 












This chapter showed how a fan’s characteristics can be simulated. The theoretically calculated 
torque-speed and power-flow curves of the theoretical fan were simulated by the test bed in both 
SimulinkTM and practically. The results gained from the simulations were then compared to the 
theoretically calculated results showing the responses corresponding closely. This proves that 
the test bed is operating correctly and will be able to replicate any fan system accurately.  
 
The next chapter discusses the construction and testing of the 1.1 kW fan system at the UKZN.  











After commissioning the test bed in Chapter 5 an arbitrary fan load was simulated by the test 
bed in Chapter 6. The data from Vlaklaagte was still not available at this stage therefore a 
smaller 1.1 kW centrifugal fan system having a similar characteristic to the fan system at 
Vlaklaagte was setup in the laboratory as shown in Fig.  7.1. A 3 kW induction machine similar 
to the induction machines used in the test bed was used to operate the centrifugal fan. Refer to 
Appendix A.1 for the nameplate data of the induction machine. The centrifugal fan shown in 
Fig.  7.1 is referred to as a 1.1 kW fan system throughout this thesis for the simple reason being 
that at approximately 1500 rpm the fan draws approximately 1.1 kW of power.  
 
This chapter presents the hardware of the 1.1 kW fan system and the results obtained from 
testing the fan system. The results gained from the test bed simulating the 1.1 kW fan system in 
SimulinkTM are then discussed followed by the practical results gained from the test bed. 
 
7.2 1.1 kW fan construction and components 
 
 
Fig.  7.1 Centrifugal fan with measurement transducers 






The centrifugal fan with aluminium ducting attached to the inlet and outlet of the fan, together 
with pressure and air-flow transducers is shown in Fig.  7.1. The ducting allows for a more 














An inlet damper mounted in the inlet duct of the fan is shown in Fig.  7.2.  Fig.  7.2 (a) and Fig.  
7.2 (b) show the inlet damper in an open and in a partially closed position respectively. The 
closing action of the inlet damper is similar to that of a hinged door. The inlet damper allows for 
variable air-flow rates to be achieved without an adjustment of the fan speed. The control 
mechanism of the inlet damper is shown in Fig.  7.3. 
 
 








Fig.  7.3 Control mechanism of the inlet damper 
 
The entire fan system is shown schematically in Fig.  7.4. It comprises the centrifugal fan with a 
speed encoder attached to the shaft of the fan, VFD (VFD1), power supply for the PLC, the 
PLC, high speed counter module, analogue input module for the velocity and pressure 
transducers, RS 485 to RS 232 signal converter, RS 232C communication module and power 
meter to monitor VFD1’s input power. The velocity and pressure measurement transducers are 
discussed in Section 7.2.1. The remaining control and monitoring equipment utilised in the fan 
system are not discussed, since the test bed also utilised the same equipment. This equipment 





Fig.  7.4 Schematic of the fan system 






7.2.1 Measurement transducers 
 Velocity transducer 
 
 




Fig.  7.6 Connection diagram for the velocity transducer 
 
A Safdy air velocity transducer was mounted in the outlet duct of the fan as shown in Fig.  7.1. 
The air velocity transducer shown in Fig.  7.5 was not mounted in a fixed position but rather an 
adjustable bracket was made so that the air velocity transducer could be positioned where 
optimum air-flow occurred. The transducer measures air velocity in meters per second with a 
measuring range of 0-15 m/s [26] and an accuracy of +-1 % [26]. The measured air velocity is 
transmitted in the form of a 4-20 mA signal into the analogue module of the PLC as shown in 
Fig.  7.6. 















Fig.  7.8 Electrical connection diagram for the pressure transducers 
 
 
Two Magnesense differential pressure transducers were mounted on a plate attached to the fan 
as shown in Fig.  7.1 and Fig.  7.7. One measures the static pressure across the fan whilst the 
other measures the velocity pressure in the outlet duct of the fan (see labels in Fig.  7.9). The 
plastic pipes going into both transducers were kept as short as possible to prevent additional 
resistance and losses in pressure. The two transducers measure air pressure in Pascals having a 
measuring range of 0-1250 Pa [27] and an accuracy of +-1 % [27]. The measured pressures are 
transmitted in the form of 4-20 mA signals into the analogue module of the PLC as shown 
schematically in Fig.  7.8. The maximum pressure that the transducers can handle is 6.9 kPa 
before bursting [27]. To measure the velocity pressure, a pitot tube was designed out of a copper 
pipe and bent in a ‘L’ shape as shown schematically in Fig.  7.9. The connection of the pipes 
from the pressure points of measurement into the pressure transducers are shown schematically 
in Fig.  7.9. 









Fig.  7.9 Schematic displaying the pressure transducers and pressure points of measurement 
 
 
7.3 Operating characteristics of the 1.1 kW fan system 
 
Once the fan system had been designed, commissioned and found to be operating as expected, 
the next step was to conduct tests under both damper and variable speed operation.  
 
In order to determine whether the ducting increased the work (hence an increase in torque and 
power) done by the fan, the torque and speed of the fan were first measured with and without 






















Fig.  7.10 Measured torque and speed of the fan with and without ducting present 
 
Fig.  7.10 shows the torque-speed characteristic of the fan with and without the inlet and outlet 
ducts mounted on and as can be seen there is minimal difference. It is therefore safe to assume 






that the ducting has no effect on the work that the fan had to do. This was due to the fact that the 
ducting had no bends or obstructions in it resulting in no significant new additional restrictions 
in the air-flow path. 
 
7.3.1 Characteristic curves 
 





The fan characteristic curves were determined by adjusting the inlet damper (Fig.  7.2) from a 
fully open position to an almost fully closed position while the fan operated at a certain fixed 
speed. Referring to Fig.  7.11, the blue blocks indicate the results that were recorded as the 
damper position was changed at a certain fixed speed. The fixed speeds shown in Fig.  7.11 




The system characteristic curve was determined by keeping the damper in a fixed position while 
the speed of the fan was varied. The damper was first set to 100 % open while the speed of the 
fan was varied between 500 rpm and 1500 rpm as indicated by the purple triangles in Fig.  7.11. 
To then show how a system characteristic curve changes when a system physically changes, the 
damper was set to 50 % closed and again the speed of the fan was varied between 500 rpm and 
1500 rpm as shown by the red circles in Fig.  7.11. 
 
Operating points of the fan 
 
Referring to Fig.  7.11, the fan would operate at points where the fan characteristic curve 
intersects the system characteristic curve. For the test bed to later on simulate the 1.1 kW fan, 
the test bed will need to replicate the operating points of the fan.  








Fig.  7.11 Operating points of the fan 
 
The torque-speed characteristic of the fan under damper operation and variable speed was then 
determined. For the damper control torque-speed characteristic of the fan, the speed of the fan 
remained at 1400 rpm while the inlet damper was adjusted from a fully open, to a fully closed 
position. For the variable speed torque-speed characteristic of the fan, the inlet damper was then 
left fully open while the speed of the fan was increased from 300 rpm to 1400 rpm. The torque-




























Fig.  7.12 Measured torque-speed curves of the fan using both damper control and speed regulation 
to vary the air-flow rate 






Fig.  7.12 shows the torque remains high as the air-flow rate is varied when using damper 
control as compared to variable speed operation of the fan. This concludes that the power drawn 
by the fan should also be high since the torque is high ( *TP  ).  
 
The speed of the fan was then maintained at 1500 rpm while the inlet damper (Fig.  7.2) was 
again adjusted from a fully open, to a fully closed position. In this case, the power and air-flow 
rate of the fan were measured and plotted as shown in Fig.  7.13. The outlet damper was then 
left fully open and the speed of the fan was increased from 500 rpm to 1500 rpm whilst the 




























Fig.  7.13 Measured VFD power-flow curves of the fan using both damper control and speed 
regulation to vary the air-flow rate 
 
Fig.  7.13 shows the power drawn by the fan is significantly lower when speed regulation is 
used to vary the air flow rate of the fan.  
 
7.4 SimulinkTM simulation of the test bed replicating the 1.1 kW fan  
 
The measured torque-speed and power-flow curves of the 1.1 kW fan were shown in Fig.  7.12 
and Fig.  7.13 respectively. These curves need to be simulated by the test bed for the operation 
of the 1.1 kW fan system to be replicated. Before the test bed could be programmed to replicate 
the 1.1 kW fan system, the test bed was first simulated in SimulinkTM. The same SimulinkTM 
block diagram that was used to simulate the arbitrary fan in Chapter 6 is used to simulate the 1.1 
kW fan system. The contents of the block labelled ‘Fan model’ shown in Fig.  7.14 are different 
and is presented in Appendix E.2.  












Fig.  7.14 SimulinkTM block diagram for the test bed simulation of the 1.1 kW fan 
 
 
7.4.1 SimulinkTM simulation results of the test bed replicating the 1.1 kW fan 
 
The results obtained from the SimulinkTM simulation of the test bed replicating the 1.1 kW fan 
system are shown in Fig.  7.15 and Fig.  7.16.  
 







Fig.  7.15 SimulinkTM simulated torque-speed curves of the test bed replicating the 1.1 kW fan 
under both damper operation and speed regulation 
 
The test bed was ramped up to 146 rad/s as shown in Fig.  7.15 to simulate the variable speed 
torque-speed characteristic of the replicated fan, while under damper operation the reference 
torque was ramped to 8.8 Nm. 
 
 
Fig.  7.16 SimulinkTM simulated power-flow curves of the test bed replicating the 1.1 kW fan under 
both damper operation and speed regulation 
 
To simulate the variable speed power-flow characteristic of the replicated fan, the reference 
speed was varied up to 157 rad/s. Under damper operation the speed of the simulated test bed 
remained fixed at 157 rad/s while the air-flow rate was ramped to 2.2 m3/s as shown in Fig.  
7.16. 
 
To verify the accuracy of the SimulinkTM simulations, the simulated data is compared to the 
measured data as shown in the next section.  






7.4.2 SimulinkTM simulation verification 
 
The measured torque-speed (Fig.  7.12) and power-flow (Fig.  7.13) curves of the fan are 
compared to the SimulinkTM simulated results shown in Section 7.4.1 to verify the accuracy of 




Fig.  7.17 Comparison of the actual measured and SimulinkTM simulated test bed torque-speed 
responses 
 
The actual and SimulinkTM simulated torque-speed curves shown in Fig.  7.17 match justifying 




Fig.  7.18 Comparison of the actual measured and SimulinkTM simulated test bed power-flow 
responses 






Referring to Fig.  7.18, the actual measured and SimulinkTM simulated power-flow curves match 
proving the simulation of the test bed. 
 
The next section shows the practical results gained from the test bed that had been captured on 
an oscilloscope and imported to Matlab.    
 
7.5 Test bed practical results-replication of the 1.1 kW fan system 
 
With reference to Fig.  7.19, the measured torque-speed and power-flow curves shown in Fig.  
7.12 and Fig.  7.13 respectively were programmed in the PLC enabling the actual test bed to 
simulate the 1.1 kW fan system. The calculated speed and torque setpoints were sent to VFD1 
and VFD2 of the test bed via PROFIBUS. The speed transducer mounted on Machine2 of the 
test bed provided speed feedback from the system while torque feedback was calculated by 
VFD2 and sent to the PLC via a 4-20 mA signal. 
 
 
Fig.  7.19 Test bed hardware and software integration 






Variable speed operation of the fan was replicated by ramping the test bed up to 1400 rpm for 
the torque-speed characteristic replication and up to 1500 rpm for the power-flow characteristic 
replication. To replicate damper torque-speed operation of the fan, the reference torque was 
ramped from 4 Nm to 8.8 Nm. To replicate fixed speed damper power-flow operation of the fan, 
the air-flow rate was ramped from 0.7 m3/s to 2.2 m3/s. The practical results gained from the test 








Fig.  7.21 VFD power-flow of the replicated fan under both damper operation and speed regulation 
 






The actual simulated torque-speed and power-flow curves of the fan are shown in Fig.  7.20 and 
Fig.  7.21 respectively. To verify the accuracy of the actual test bed, the results shown in Fig.  
7.20 and Fig.  7.21 are compared to the previously shown actual measured and SimulinkTM 
simulated test bed results. This verification of data is shown in Fig.  7.22 and Fig.  7.23.  
 
 





Fig.  7.23 Comparisons of the actual measured, SimulinkTM simulated test bed and actual test bed 
power-flow responses 
  
The torque-speed results shown in Fig.  7.22 correspond to each other and the power-flow 
results shown in Fig.  7.23 correspond to each other displaying the accuracy of the test bed.  
 








A 1.1 kW fan system was constructed and tested. The results gained from testing the fan clearly 
show that variable speed operation instead of damper control utilises less power, hence less 
energy. The 1.1 kW fan was accurately simulated by the test bed as shown by the SimulinkTM 
responses and the actual data gained from the test bed. 
 
The next chapter discusses the hardware and operating characteristics of the 785 kW fan system. 
The ability of the test bed to mimic this fan system is first simulated in SimulinkTM, followed by 
the practical results gained from the test bed.  











Both a theoretical fan system and a 1.1 kW fan system were successfully replicated by the test 
bed in Chapters 6 and 7 and both showed that variable speed operation of a fan will utilise less 
power compared to damper operation. At this stage the data from Vlaklaagte was still not 
available. Anglo Coal South Africa’s Greenside colliery commissioned a centrifugal fan driven 
air ventilation system in 2008 which may be either damper controlled or speed controlled. The 
new ventilation system replaced two other centrifugal fan units which were 164 kW and        
190 kW respectively with three centrifugal fan units driven by induction machines having a 
power rating of 785 kW each. During Nov 2008 one fan unit operated at 85 % of its full 
potential comfortably meeting the colliery’s needs. Only one centrifugal fan was tested by me at 
this site, hence the Greenside colliery fan system is referred to as a 785 kW fan system 
throughout this thesis. 
 
This chapter describes the hardware and operating characteristics of the 785 kW centrifugal fan 
driven air ventilation system at Greenside. This 785 kW fan is then simulated by the test bed in 
SimulinkTM followed by the practical results gained from the test bed.  
 
8.2 785 kW fan system hardware  
 
The 785 kW air ventilation system located at Anglo Coal Greenside is shown schematically in 
Fig.  8.1 and pictorially in Fig.  8.2. Fig. 1.1 is repeated here as Fig.  8.1. 
 
 
Fig.  8.1 Schematic of the air ventilation system at Greenside 









Fig.  8.2 Air ventilation system at Greenside 
 






Fig.  8.3 (a) RVC damper closed 









Fig. 8.3 (b) RVC damper open 
 
Fig.  8.3 (a) shows the control arm attached to the damper ring in an almost 90˚ shape resulting 
in the inlet RVC damper being closed, whereas in Fig.  8.3 (b) the control arm is straight 
indicating that the inlet RVC damper is open. 
 





Fig.  8.4 (a) Hardware driving the fan-left view 








Fig. 8.4 (b) Hardware driving the fan-right view 
 
Referring to Fig.  8.4, a 785 kW, 690 V delta connected Sinamics machine is coupled to a 
Flender gearbox. The gearbox ratio is 4:1. The gearbox is coupled to a shaft which fits onto the 




Fig.  8.5 800 kW Sinamics VFD 
 
An 800 kW Sinamics VFD shown in Fig.  8.5 operates the fan under Sensorless Field Oriented 
Speed Control. The drive operates at a voltage of approximately 690 V. The display panel 
shown in Fig.  8.5 displays the actual power consumed by the machine, speed of the machine, 
current and frequency output of the drive. 








Fig.  8.6 Control equipment 
 
Fig.  8.6 displays the control equipment of the 785 kW fan system. The PLC communicates with 
the VFD via PROFIBUS. The temperature modules are used to measure the temperature of the 
machine and gearbox. The Ethernet modules link the fan system to a Supervisory Control And 
Data Acquisition (SCADA) program; this was not commissioned during the time of the site visit 
(May 2008). 
  
8.3 Operating characteristics of the 785 kW fan system 
 
This section presents the results obtained from testing Fan 2 shown in Fig.  8.2. The 785 kW fan 
system is new as previously stated and during the time of testing only the power and speed of 
the machine and the air-flow rate of the system were available. Pressure transducers which were 
setup to measure only the static pressure at a point in the inlet duct of the fan system were not 



























Fig.  8.7 Measured torque-speed of the fan under variable speed and damper control 








Fig.  8.8 Exploded view of Fig.  8.7 showing damper control data only  
 
 
Fig.  8.7 depicts the torque speed response of the 785 kW machine under speed regulation and 
damper control. The speed of the machine was only varied between 800 rpm and 1435 rpm due 
to safety limitations that were implemented. Below 800 rpm there were doors that were 
mounted in the inlet duct which automatically shut preventing the fan from creating air flow 
through the mine and preventing the fan from becoming unstable due to any of the other two 
fans (Fig.  8.2) that would be on. Under damper operation only a few measurements of speed, 
power and air-flow rate were obtained due to the dislocation of the damper ring from its guides; 
see Fig.  8.9. This caused the doors in the inlet duct to shut and the fan was stopped. This was a 




Fig.  8.9 RVC damper ring detached from its guide 







Fig.  8.10 Measured VFD power-flow of the fan using both damper control and speed regulation to 
vary the air-flow rate 
 
Fig.  8.10 depicts the power drawn by the machine and the air-flow rate produced by the fan 
whilst operating under damper control and variable speed. The fan operates (Nov 2008) at 85 % 
of its full potential resulting in an air flow rate of 365 m3/s and power of 484 kW under variable 
speed as shown by the operating point line in Fig.  8.10. Under damper control the machine 
would utilise 768 kW of power at the same air flow rate of 365 m3/s. This results in a power 
saving of 284 kW.   
 
8.4 SimulinkTM simulation of the test bed replicating the 785 kW fan 
 
This section presents the SimulinkTM simulation of the test bed replicating the 785 kW fan 
system. The test bed has an operating range of up to 3 kW, therefore for the test bed to simulate 
the 785 kW fan system, certain variables from the measured fan system data needs to be scaled 
down. The 785 kW fan system has a speed range of 0 rpm to 1500 rpm which matches the speed 
range of the test bed therefore this variable is not scaled. The785 kW fan systems flow rate is 
not scaled because this variable is not measured by the test bed. The torque and power of the       
785 kW fan system has to be scaled down to match the operating range of the test bed. By 
simply scaling down the measured torque and power of the 785 kW fan system by 300 as shown 
in Fig.  8.11 and Fig.  8.13, the test bed should now be able to replicate the 785 kW fan system. 
The efficiency of a large fan system is much higher than the efficiency of a small fan system. It 
is assumed that the test bed is 78 % efficient and the 785 kW fan system is 85 % efficient 
therefore the test bed will use more electrical power to simulate the 785 kW fan system. The test 
bed power therefore has to be reduced by 7 %. 
 
The same test bed SimulinkTM simulation model that was used in Chapter 6 (Fig. 6.3) and 
Chapter 7 (Fig. 7.14) to simulate the theoretical and the 1.1 kW fan systems is used to simulate 






the scaled down 785 kW fan system. The test bed SimulinkTM simulation model is repeated here 
as Fig.  8.14. The contents of the block labelled ‘Fan model’ in Fig.  8.14 are different and are 





























Fig.  8.11 Fig.  8.7 is repeated here showing the torque of the 785 kW fan scaled down by 300 
 
 
Fig.  8.12 Exploded view of Fig.  8.11 showing damper control data only  
 
 
Fig.  8.13 Fig.  8.10 is repeated here showing the VFD power of the 785 kW fan scaled down by 300 








Fig.  8.14 SimulinkTM block diagram for the test bed simulation of the scaled down 785 kW fan 
 
8.4.1 SimulinkTM simulation results of the test bed replicating the 785 kW fan 
 
The results obtained from the SimulinkTM test bed simulation of the scaled down 785 kW fan 
under damper control and speed regulation are shown in this section. 
  
The torque-speed and power-flow responses of the simulated scaled down 785 kW fan are 
shown in Fig.  8.15 and Fig.  8.16 respectively. The speed of Machine1 in the test bed 
SimulinkTM model was ramped up to 1435 rpm to replicate variable speed operation of the 
scaled down fan, while under damper control the speed of Machine1 remained fixed (1435 rpm) 
while the air-flow rate was varied from 256 m3/s to 454 m3/s as shown in Fig.  8.16.  







Fig.  8.15 SimulinkTM simulated torque-speed curves of the test bed replicating the 785 kW fan 
under both damper operation and speed regulation 
 
 
Fig.  8.16 SimulinkTM simulated power-flow curves of the test bed replicating the 785 kW fan under 
both damper operation and speed regulation 
 
To verify the accuracy of the Simulink simulations, the simulated data (Fig.  8.15 and Fig.  8.16) 
are compared to the measured data (Fig.  8.11 and Fig.  8.13) as shown in the next section. 
 
8.4.2 SimulinkTM simulation verification 
 
The actual measured scaled down torque-speed (Fig.  8.11) and power-flow curves (Fig.  8.13) 
are compared to the SimulinkTM simulated test bed replicated torque-speed and power-flow 
curves to verify the accuracy of the simulations as shown in Fig.  8.17 and Fig.  8.18. 
 












Fig.  8.18 Comparison of the actual measured and SimulinkTM simulated test bed power-flow 
responses 
 
The actual measured and SimulinkTM simulated scaled down data correspond closely, justifying 
the SimulinkTM simulations as correct. The actual test bed was then programmed and the results 
gained from the test bed are shown in the next section. 
 
8.5 Test bed practical results-replication of the 785 kW fan system 
 
The test bed accurately simulated the scaled down 785 kW fan in SimulinkTM as shown in the 
previous section. The measured torque-speed and power–flow curves of the scaled down       
785 kW fan were then programmed in the PLC and the relevant speed and torque setpoints were 






sent to VFD1 and VFD2 via PROFIBUS respectively as shown in Fig.  8.19. Speed feedback 
was received from the the speed transducer mounted on Machine2 of the test bed and torque 




Fig.  8.19 Test bed hardware and software integration 
 
 
The practical results gained from the test bed while it replicated variable speed and damper 
operation of the scaled down 785 kW fan were captured on an oscilloscope and imported to 
Matlab as shown in Fig.  8.20 and Fig.  8.21. The actual test bed replication data from Fig.  8.20 
and Fig.  8.21 are then compared to the actual scaled down measured fan data (Fig.  8.11 and 
Fig.  8.13) and SimulinkTM simulation data (Fig.  8.15 and Fig.  8.16) to verify the accuracy of 
the test bed as shown in Fig.  8.22 and Fig.  8.23. 
 















Fig.  8.22 Comparisons of the actual measured, SimulinkTM simulated test bed and actual test bed 
torque-speed responses 







Fig.  8.23 Comparisons of the actual measured, SimulinkTM simulated test bed and actual test bed 
power-flow responses 
 
The torque-speed results shown in Fig.  8.22 correspond to each other and the power-flow 
results shown in Fig.  8.23 correspond to each other justifying the replication of the scaled down 




This chapter described the hardware and operating characteristics of the 785 kW fan system 
located at Anglo Coal Greenside. This fan system was then successfully replicated by the test 
bed. 
 
The next chapter presents an energy cost indicator which is then simulated in SimulinkTM and in 
the PLC. Air flow control through speed control of the 1.1 kW fan is also presented. 











The test bed was commissioned in Chapter 5. A theoretical fan, 1.1 kW fan and 785 kW fan 
were then replicated by the test bed as shown in Chapters 6, 7 and 8. All three fan systems 
showed from their power-flow curves that variable speed operation of the fans will consume 
less power compared to damper operation of the fans. To then calculate the cost of energy 
consumed by the replicated fans a tariff structure was simulated in SimulinkTM and in the PLC. 
In addition to proving the energy savings achievable through speed control of fans, NPC had 
also requested the UKZN to determine whether variable speed operation might afford more 
consistent air flow rates throughout a mine air ventilation system based on an air flow feedback 
control system. The VFD at Vlaklaagte was not installed therefore this air flow feedback control 
system could not be implemented. However to demonstrate the principal of trying to achieve 
more consistent air flow rates through speed control of a fan, air flow control through speed 
control of the 1.1 kW fan was implemented.     
 
In this chapter energy cost simulations are presented followed by the results gained from 
implementing air flow control of the 1.1 kW fan system. 
 
9.2 Energy simulations in SimulinkTM 
 
Once the test bed was fully operational an energy cost indicator was simulated in SimulinkTM 
following Eskom’s Megaflex weekday tariff structure; Anglo Coal South Africa follows the 
same tariff structure. There are three time periods which exist in the tariff structure; off peak, 
standard and peak periods as shown in Fig.  9.1. Fig.  9.1 and Table 9.1 show the equivalent cost 












Fig.  9.1 Timing diagram for Eskom’s Time Of Use Megaflex structure 
 
 
Hour in the day Time period Cost 
00-06 Off peak 9.06 c/kWh 
06-07 Standard 16.67 c/kWh 
07-10 Peak 63.04 c/kWh 
10-18 Standard 16.67 c/kWh 
18-20 Peak 63.04 c/kWh 
20-22 Standard Ia4K:y( 
22-24 Off peak 9.06 c/kWh 
 
Table 9.1: Megaflex weekday tariff rates for a specific time period [20] 
 
The energy cost indicator runs for 24 hrs which in simulation time is equivalent to 2 min; hence 
1 hr is equivalent to 5s. This is accomplished by accelerating the energy usage of the system as 





Powerenergy          (9.1) 
 
Referring to Table 9.1 based on the time of day, the energy is individually accumulated for each 
time period. There are seven time periods according to Table 9.1.  
 
For the first off peak time period, from 00:00 am to 06:00 am which in simulation time is 0s to 
30s, the energy is accumulated according to Eq. 9.2 for 30s.   
 
energykWh 1         (9.2) 






For the second standard time period from 06:00 am to 07:00 am which in simulation is 30s to 
35s, the energy is accumulated according to Eqs. 9.3 and 9.4 for 5s. 
  





2 kWhenergykWh         (9.4) 
 
For the remaining four time periods the energy is accumulated according to Eqs. 9.3 and 9.4 
where only the variables energy2, kWh2 and kWh1 change. Please refer to appendix E for the 
remaining time period energy algorithms. 
 
The cost of energy for each individual time period is then calculated according to Eq. 9.5. 
 
Cost = kWh * Unit price of energy of a specific time period   (9.5) 
 
The total cost is then calculated by adding the individual costs calculated in each time period as 
shown in Eq. 9.6. 
 
Total Cost = Cost1 + Cost2 + Cost3 + Cost4 + Cost5 + Cost6 + Cost7  (9.6) 
 
The cost of energy SimulinkTM model shown in Fig.  9.2 is similar to the test bed SimulinkTM 
models used to replicate the theoretical fan (Fig. 6.3), 1.1 kW fan (Fig. 7.14) and 785 kW fan 
(Fig. 8.11). The algorithms (Eqs. 9.1 to Eq. 9.6) were implemented in the SimulinkTM block 
labelled ‘Cost calculation’ shown in the block diagram in Fig.  9.2. Refer to Appendix E.4 for 
the contents of the ‘Cost calculation’ block. The results gained from simulating the 1.1 kW fan 

















Fig.  9.2 SimulinkTM model used to calculate the cost of energy per weekday 
 
9.2.1 Energy simulations of the 1.1 kW fan system in SimulinkTM 
 
The energy usage and cost of energy of the 1.1 kW fan system are simulated in this section in 
SimulinkTM. To enable energy usage and cost of energy comparisons based on a particular air 
flow rate to be made between damper operation and variable speed operation, consistency with 
regard to choosing the operating point of the fan from its power-flow curves is maintained. 
Considering the 1.1 kW fan system, an operating point that resulted in the fan system to be 45 % 
damped was chosen since most of Anglo Coal’s mines were found to be 45 % damped by NPC. 
The operating point of the 1.1 kW fan whilst having its damper 45 % closed is shown in Fig.  
9.3. Fig. 7.13 is repeated here as Fig.  9.3. 







Fig.  9.3 VFD power-flow of the 1.1 kW fan 
 
With reference to Fig.  9.3, the equivalent air-flow rate and power of the 1.1 kW fan under 
damper operation at the operating point is 1.21 m3/s and 0.973 kW respectively. Under variable 
speed operation of the fan, the equivalent power at the same air-flow rate of 1.21 m3/s is     
0.543 kW.  
 
Fig.  9.4 and Fig.  9.5 show the SimulinkTM simulated cost of energy results for variable speed 
and damper operation of the fan. Only part of the full SimulinkTM model (Fig.  9.2) is shown in 
Fig.  9.4 and Fig.  9.5 for clarity purposes. The outputs and inputs labelled ‘Machine1’ and 
‘Machine2’ shown in Fig.  9.4 and Fig.  9.5 correspond accordingly to the same outputs and 
inputs shown in the full simulation model (Fig.  9.2).  
 
 
Fig.  9.4 Speed regulation SimulinkTM model and results 
           







Fig.  9.5 Damper control SimulinkTM model and results 
 
Referring to Fig.  9.4, under variable speed operation of the 1.1 kW fan at a speed of 88.6 rad/s, 
the power drawn by the fan at an air flow rate of 1.213 m3/s is 545.1 W. The simulated energy 
accumulated for the day is shown in Fig.  9.6. The cost of energy is shown in Fig.  9.4 
amounting to R 3.12. Referring to Fig.  9.5, under fixed speed damper operation of the 1.1 kW 
fan at an air flow rate of 1.21 m3/s the power drawn by the fan is 973.9 W. The simulated cost of 
energy per weekday at a power of 973.9 W is R 5.55. The monetary savings per day through 
variable speed operation of the fan at an air flow rate of 1.21 m3/s is R 2.43. 
 
 
Fig.  9.6 SimulinkTM simulated energy accumulated for the day 






The SimulinkTM simulated cost of energy per weekday while the fan was simulated under 
variable speed is clearly lower compared to when the fan was simulated under damper operation 
as shown in Fig.  9.6. The energy savings per day through variable speed operation of the fan at 
an air flow rate of 1.21 m3/s amounts to 10.272 kWh. 
 
9.2.2 Energy simulations of the 785 kW fan system in SimulinkTM 
 
The energy usage of the scaled down 785 kW fan system is simulated in this section in 
SimulinkTM. To show comparisons based on a particular air-flow rate between damper operation 
and variable speed operation, the operating point of the scaled down 785 kW fan is maintained. 
The measured power-flow data of the scaled down 785 kW fan was shown in Fig. 8.11 and is 
repeated here in Fig.  9.7. 
 
 
Fig.  9.7 VFD power-flow of the scaled down 785 kW fan 
 
Referring to Fig.  9.7, the fan operated at 85 % rated speed of the machine in Nov 2008 resulting 
in an air flow rate of 365 m3/s at a scaled down power of 1.613 kW. At the same air flow rate of 
365 m3/s under damper control the scaled down power drawn by the fan is 2.56 kW. 
 
Fig.  9.8 and Fig.  9.9 show the SimulinkTM results obtained from simulating the energy 
consumed by the scaled down fan per day under variable speed and damper control. The outputs 
and inputs labelled ‘Machine1’ and ‘Machine2’ shown in Fig.  9.8  and Fig.  9.9 correspond 
accordingly to the same outputs and inputs shown in the full simulation model (Fig.  9.2). 
 
 







Fig.  9.8 Speed regulation SimulinkTM model and results-power scaled down by 300 
 
 
Fig.  9.9 Damper control Simulink
TM
 model and results-power scaled down by 300 
 
The simulated cost of energy for the scaled down fan operating under variable speed producing 
an air-flow rate of 364.9 m3/s is shown in Fig.  9.8 costing R 9.24. Under fixed speed damper 
control the cost of energy for the scaled down fan at an air-flow rate of 365 m3/s is R 14.57 as 






shown in Fig.  9.9. Under variable speed operation the monetary savings per day for the scaled 
down fan is R 5.33. 
 
 
Fig.  9.10 Scaled down SimulinkTM simulated energy accumulated for the day 
 
The SimulinkTM simulated energy accumulated for the day while the scaled down fan operated 
under damper control and variable speed is shown in Fig.  9.10. There is a significant increase in 
the simulated energy utilised by the fan operating under damper control compared to variable 
speed controlled.  
 
The simulated unscaled cost of energy utilised by the fan per day amounts to R 2772 under 
variable speed operation and R 4371 under damper operation. The simulated unscaled energy 
consumed by the fan per day under damper control amounted to 18.4032 MWh at a power of 
766.8 kW and under variable speed operation 11.6496 MWh at a power of 485.4 kW. This 
results in a power saving of 281.4 kW and energy savings of 6.7536 MWh per day and 
2,465.064 MWh per year at the current duty cycle (85 % rated machine speed) of the fan.  
 
After successfully simulating the energy costs of both fan systems in SimulinkTM, the PLC was 
programmed to simulate the energy costs of the test bed replicated fan systems.  
 
9.3 Energy simulations in the PLC 
 
In Section 9.2 the energy consumed per day by the fan systems were simulated in SimulinkTM. 
The PLC was also programmed to simulate the energy consumed by these test bed replicated 
fan systems per day. The PLC simulated cost of energy results of the replicated 1.1 kW fan 
system and the 785 kW fan system are shown via logged data.  






9.3.1 Energy simulations of the 1.1 kW fan system in the PLC 
 
This section shows the energy usage and cost of energy per weekday of the replicated 1.1 kW 
fan system simulated in the PLC. The cost of energy is calculated for a 45 % damped fan and its 
equivalent air-flow rate under variable speed so that the PLC simulated energy data can be 
compared to the SimulinkTM simulated energy data.    
 
Fig.  9.11 depicts the cost of energy of the replicated 1.1 kW fan per weekday as the energy 
costs escalated. The final cost of energy per weekday for the replicated fan operating under 
damper control (R 5.56) is much higher compared to variable speed (R 3.15) operation of the 
fan to achieve the same desired air-flow rate of 1.21 m3/s.  
 
 
Fig.  9.11 Cost of energy per weekday of the 1.1 kW fan system 
 
 
Fig.  9.12 Energy usage per day of the 1.1 kW fan system 
 






The VFD power of the replicated fan system under damper control was approximately 973 W 
and under speed regulation was approximately 545 W. The energy usage per day of the 1.1 kW 
fan system at an air-flow rate of 1.21 m3/s for both damper and variable speed operation is 
shown in Fig.  9.12 clearly depicting the energy savings achieved through variable speed 
operation of the fan. 
 
The SimulinkTM simulated results (Fig.  9.6) showing the accumulation of energy for both fixed 
speed damper operation and variable speed operation of the 1.1 kW fan are compared to the 
PLC simulated results (Fig.  9.12) in Fig.  9.13 to verify the accuracy of the PLC simulations.  
 
 
Fig.  9.13 Comparison between the SimulinkTM simulated and PLC simulated energy accumulated 
  
Referring to Fig.  9.13, the SimulinkTM simulated and PLC simulated results correspond closely. 
The SimulinkTM simulated costs of energy at an air-flow rate of 1.21 m3/s for damper operation 
(973.9 W) and speed regulation (545.1 W) of the 1.1 kW fan system were R 5.55 and R 3.12 
respectively. The PLC simulated costs of energy while the test bed replicated the 1.1 kW fan 
system at an air-flow rate of 1.21 m3/s under damper control (approximately 0.973 kW) was     
R 5.56 and under speed regulation (approximately 0.545 kW) was R 3.15. The discrepancies in 
the final costs of energy per weekday are because the measured VFD power varied unlike in the 
SimulinkTM simulation models which had a constant power. 
 
9.3.2 Energy simulations of the 785 kW fan system in the PLC 
 
The PLC simulated costs of energy and the energy accumulated while the actual test bed 
replicated the scaled down 785 kW fan system are shown in this section via logged data.  







Fig.  9.14 Scaled down cost of energy per weekday of the 785 kW fan system 
 
The scaled down cost of energy of the scaled down 785 kW fan system at an air-flow rate of 
365 m3/s is shown in Fig.  9.14 for both damper control (approximately 2.557 kW) and speed 
regulation (approximately 1.625 kW). Under speed regulation the scaled down cost per weekday 
amounted to R 9.31 while under damper control the scaled down cost accumulated to R 14.88. 
 
 
Fig.  9.15 Scaled down energy usage per day of the 785 kW fan system 
 
The scaled down energy accumulated for the day of the scaled down 785 kW fan system is 
shown in Fig.  9.15 for both damper operation (approximately 2.557 kW) and variable speed 
operation (approximately 1.625 kW) of the fan.  
 
The scaled down energy data simulated in the PLC (Fig.  9.15) is compared to the SimulinkTM 
simulated scaled down energy data (Fig.  9.10) to verify the accuracy of the PLC simulations as 
shown in Fig.  9.16. 







Fig.  9.16 Comparison between the SimulinkTM simulated and PLC simulated energy accumulated 
per day of the scaled down 785 kW fan system 
 
Referring to Fig.  9.16, both the SimulinkTM simulated (Fig.  9.10) and PLC simulated (Fig.  
9.15) scaled down energy results of the scaled down 785 kW fan system correspond closely. 
The final SimulinkTM simulated scaled down costs of energy per weekday under damper control 
(2.556 kW) and variable speed operation (1.618 kW) of the scaled down fan at an air-flow rate 
of 365 m3/s amounted to R 14.57 and R 9.24 respectively. The PLC simulated scaled down 
costs of energy for the replicated scaled down fan under damper control (approximately 2.557 
kW) was R 14.88 and under speed regulation (approximately 1.625 kW) was R 9.31. The 
discrepancies between the SimulinkTM simulated and PLC simulated scaled down cost of energy 
results are due to the VFD power varying in the actual test bed unlike in the SimulinkTM 
simulation models which had a constant power.   
 
9.4 Air flow control 
 
After proving the energy savings achievable through speed control of centrifugal fans, NPC had 
also requested the UKZN to determine whether variable speed operation might afford more 
consistent air flow rates throughout a mine air ventilation system using an air feedback system. 
Since the VFD was not yet installed at Vlaklaagte, air flow control through speed control of the 
1.1 kW fan was implemented. To explain how the air flow controller was implemented Fig.  
9.17 is used.  
 
 









Fig.  9.17 Air flow controller hardware and software interfacing 
 
 
Referring to Fig.  9.17, the air flow control loop was programmed in the PLC and facilitated via 
a timed interrupt to implement PI control. Air flow feedback was received from the air velocity 
transducer and sent to the PLC. The air flow setpoint is converted to a speed setpoint in the PLC 
and sent to the VFD via PROFIBUS. Speed control was implemented internally in the VFD 
achieving speed feedback from the speed transducer.  
 
To convert the air-flow setpoint to a speed setpoint in the PLC, the relationship between speed 
and air-flow of the 1.1 kW fan was experimentally determined as shown in Fig.  9.18.   
 
 





























Fig.  9.18 Speed-flow of the 1.1 kW fan 
 
To then implement the PI air-flow controller, Zeigler-Nichols rules [22] were used to provide a 
starting point for the tuning of the PI controller since the mathematical model of the fan system 
cannot be easily derived. The response produced by following the Zeigler Nichols rules were 
not satisfactory; there were large overshoots in both the speed and air-flow rate; however the 
system finally did settle to the setpoint air-flow rate as shown in Fig.  9.19. According to theory, 
Zeigler-Nichols rules only apply to a first order system with lag [22], and since the air-flow 
response was not a perfect first order system, further tuning was accomplished intuitively. The 
tuning of the flow control parameters (Proportional gain kp, Integral gain kc and Integral time 
Ti) was done so as not to result in excessive overshoot of the fan speed and air-flow rate, with a 
quick rise time and good performance during disturbances. The velocity transducer did not 
respond as fast as the speed transducer due to the dead band in it. This had to also be taken into 
account whilst tuning the controller.  
 
 
Fig.  9.19 Start-up response of the system 






The system response before and after tuning is apparent in Fig.  9.19 for a 1.3 m3/s step in flow 
rate. The parameters of the PI controller which resulted in these system responses are provided 
in Table 9.2. 
 
 Untuned Tuned 
Proportional gain Kp 0.9 0.87 
Integral gain Kc 0.6 0.6 
Integral time Ti (secs) 1.5 1.9 
 
Table 9.2: Parameters of the PI controller 
 
Once the parameters of the controller where tuned to provide a fast response with minimum 




Fig.  9.20 Disturbance responses for both an increase and decrease in air-flow rate 
 
 
Fig.  9.20 (a) and Fig.  9.20 (b) displays the response of the fan for both an increase and 
decrease in air flow rate respectively. The fan system takes 14.1s to recover from the increase in 
flow rate disturbance and 18.3s to recover from the decrease in flow rate disturbance. The fan 












This chapter presented results from simulating an energy cost indicator in SimulinkTM and in the 
PLC. Both the 1.1 kW fan system and the 785 kW fan system showed energy and monetary 
savings for when speed regulation was used instead of damper control to regulate the air-flow 
rate. Air-flow control of the 1.1 kW fan was then implemented showing that variable speed 
operation will achieve more consistent air flow rates.  
 
The next chapter presents a summary and conclusion of the work performed. The progress at 
Vlaklaagte, a business case and recommendations for future work are provided. 












Anglo Coal South Africa currently (2008) deploys centrifugal fan driven air ventilation systems 
used for the extraction of methane gas underground and to properly circulate air to working 
faces. These centrifugal fan driven air ventilation systems operate at a fixed speed continuously 
throughout the year having the air flow controlled via a RVC. NPC found the air ventilation 
systems on most mines to be 45 % damped which is greatly inefficient. Further contributing to 
the inefficiency are fissures in the underground rock face resulting in variable air flow rates 
throughout the air ventilation system. 
 
NPC therefore proposed a variable speed fan driven air ventilation system which according to 
theory [9] should result in the fan operating at a lower power if the speed of the fan is reduced. 
NPC therefore approached the UKZN to prove the energy savings achievable through the 
proposed air ventilation system at Anglo Coal’s Vlaklaagte colliery.  
 
To demonstrate the operation of the existing and proposed air ventilation systems to Anglo 
Coal, a test bed that could replicate the operation of these air ventilation systems was developed 
based on previous research [1] at the UKZN. The test bed hardware was based on similar 
hardware used at Anglo Coal South Africa. The hardware comprised a S7-300 PLC that could 
communicate via PROFIBUS to two VFDs. The control of the test bed was done through 
software called Step 7, available for use with a Siemens PLC. A Siemens SCADA program was 
then developed to provide a graphical user interface for controlling the test bed and to 
demonstrate to an engineer the operation of the test bed. 
 
Due to the data from Anglo Coal Vlaklaagte being unavailable a theoretical fan system, 1.1 kW 
fan system and 785 kW fan system were studied. These fan systems were successfully simulated 
by the test bed in both Simulink and the PLC. It was shown that the power usage of all three fan 
systems operating under fixed speed damper control utilises almost the same amount of power 
throughout the damping range. The implementation of a variable speed controlled air ventilation 
system will always result in energy savings if the fan runs at less than full output. The amount 
of energy savings achievable depends greatly on the flow rate and duty cycle of the air 






ventilation system. The lower the flow rate required and the longer the fan runs at reduced 
speed, the greater the energy savings. On large fan systems such as the 785 kW air ventilation 
system at Anglo Coal Greenside, even though the fan operates at 85 % its full potential, power 
savings of 281.4 kW were still achieved through variable speed operation of the fan. This results 
in energy savings of 2,465.064 MWh per year. Air flow control of the 1.1 kW fan also showed 
that variable speed operation of the fan does afford more consistent air flow rates.  
 
The next section discusses the progress thus far at Vlaklaagte. 
 
10.2 Proposed ventilation system progress at Vlaklaagte 
 
The progress with regard to implementing the variable speed fan driven air ventilation system at 
Vlaklaagte thus far (Dec 2008) is presented in this section. The existing air ventilation system 
and equipment was shown in Chapter 1. 
 




Fig.  10.1 Inlet duct transducers 
 
The measurement transducers located on the inlet duct of the fan are shown and labelled 
accordingly in Fig.  10.1. 







Fig.  10.2 Outlet duct transducers 
 
In the outlet duct of the fan only pressure and temperature are measured as shown by the 
measurement transducers depicted in Fig.  10.2.  
 
 
Fig.  10.3 PLC and interface equipment 
 
Fig.  10.3 depicts a S7-300 PLC together with communication modules. Fibre optic is used as 
the communication channel between the PLC and a SCADA program which displays and logs 
the measured data. 
 
Further continuation of the project is awaiting funding. An 800 kW Sinamics VFD and an      
800 kW Siemens motor is proposed to replace the existing 1.2 MW slip ring induction motor 
and gearbox system. The changing of the fan blade from steel to carbon fibre is also being 
considered. A business case is presented in Tables 10.1 to 10.3 based on the fact that the air 
ventilation system at Vlaklaagte is 45 % damped. Once actual data is available and evaluated by 
the test bed, the business case will be reengineered for submission to Anglo Coal.   






A power saving of 540 kW is proposed at Vlaklaagte once the damper controlled air ventilation 
system is replaced with a variable speed controlled air ventilation system. Table 10.1 presents 
the monetary value of the energy savings per annum based on Eskom’s Megaflex tariff 
structure. The tariff structure is broken down into two seasons called Low demand season and 
High demand season. Low demand season refers to the months September to May in which the 
demand for energy is low therefore the cost of energy is low. High demand season refers to the 
months June to August in which the demand for energy is high therefore the cost of energy is 
high. The energy costs for these two seasons are given in Table 10.1. The time periods peak, off 
peak and standard have been discussed in Chapter 9, Section 9.2. The total rand value for each 
specific time period is calculated according to Eq. 10.1.and the total energy monetary savings 
per year is calculated according to Eq. 10.2. 
 
priceUnitHourskWrandsTotal _**_       (10.1) 
 
Total energy monetary savings per year = Low demand season Total(R)*(Peak  
+ Standard + Off peak) + High demand season Total(R)*(Peak + Standard  
+ Off peak)         (10.2) 
 
 
 Energy monetary savings per annum 
Low demand season Unit Price Power saved Total (R) 
  Hours kW 
Peak 1365.00 R 0.4013 540.00 R    295,798.23  
Standard 3003.00 R 0.2458 540.00  R    398,594.20  
Off peak 2184.00 R 0.1719 540.00  R    202,731.98  
Total hours 6552.00 R    897,124.41  
          
High demand season Unit Price Power saved Total (R) 
  Hours kW   
Peak 460.00 R 1.4377 540.00 R    357,124.68  
Standard 1012.00 R 0.3736 540.00 R    204,164.93  
Off peak 736.00 R 0.1996 540.00  R    79,329.02  
Total hours 2208.00      R    640,618.63  
          
Total energy monetary savings per year   R    1,537,743.04 
 
Table 10.1: Monetary savings per annum 
 






Table 10.2 presents the inputs to the business case model shown in Table 10.3. Referring to 
Table 10.2, the capital required to implement the variable speed controlled air ventilation 
system is R 3 609 392. The energy monetary savings per annum are R 1 537 743.04 as 
calculated in Table 10.1. The annual energy cost increase which has been proposed by Eskom is 
24.8 % for the next three years. The discounted present value which is the rate used to discount 
future cash flows to their present values is 12 %. The annual maintenance cost is assumed to be 
2.6 % of the initial capital cost.      
 
    
Capital R 3 609 392.00 
Energy savings (R) R 1 537 743.04 
Annual energy cost increase – 3 years 24.8 % 
Discounted present value  12 % 
Annual maintenance cost 2.6 % 
    
 
Table 10.2: Inputs for the business case model 
 
Table 10.3 presents the business case model which shows the cash outflows and inflows for a 
ten year period. After the ten year period the Net Present Value (NPV) and the Internal Rate of 
Return (IRR) of the project is calculated. The NPV shows the difference between the Present 
Value (PV) of cash inflows and the PV of cash outflows. The IRR shows the interest rate at 
which the NPV of costs (negative cash flows) of the investment equal the NPV of the benefits 
(positive cash flows) of the investment.   
 
According to Table 10.3 the NPV of the project is R 12 093 538.37 and the IRR of the project is 
56%. Should Vlaklaagte invest the capital in example a bank, the rate of return from the bank 
would be between 8 % and 10 %. Should Vlaklaagte invest the capital in this project they would 
receive a return of 56 %. A return of 56 % is associated with a 2 year pay back on the capital 
invested therefore investing in this project is very favourable from a business perspective. 







Table 10.3: Business case model 






10.3 Advantages of using VFD’s to drive fans 
 
The main advantage of using a VFD to drive a centrifugal fan is energy savings. Other 
advantages that can also be considered: 
 
1. The air flow rate is much easier to control and can be changed almost immediately 
online by adjusting the speed of the fan. 
 
2. The fan can be started and stopped easily resulting in less mechanical stress on the fan, 
therefore maintenance of the fan is reduced. 
 
3. The release of methane gas underground increases with a drop in atmospheric pressure. 
By changing the speed of the VSD driven fan, the air flow rate can be increased easily 
and immediately online to decrease the release of methane gas. 
 
4. In an emergency the amount of ventilation required underground can be changed 
immediately. Example if a fire starts underground ventilation can be decreased 
automatically. 
 
10.4 Recommendations for future work 
 
1. To evaluate and simulate the data from Vlaklaagte. To resubmit the business case based 
on actual data.   
 
2. To evaluate the power usage of the new variable speed fan driven air ventilation system 
at Vlaklaagte once the VFD and motor is installed. 
 
3. To determine where the air flow transducers will be placed in the mine for air flow 
control to be implemented. To then determine limits for the deviations between the 
desired and actual air flow rates that will allow for the speed of the fan to change.    
 
4. To develop a SCADA program for the new variable speed fan driven air ventilation 
system at Vlaklaagte. 
 
5. To use the test bed to measure the power usage of pump systems. 







MACHINE NAMEPLATE DATA AND HYBRID MODEL 
 
A.1 Induction machine nameplate data 
 
Manufacturer  Siemens 
Machine type  1LA7107-4AA10-Z 
Mass   24 kg 
Power   3 kW 
Voltage  230 V Δ or 400V Y 
Current  11.1 A in Δ or 6.4 A in Y 
Speed   1420 rpm 
Frequency  50 Hz 
 
A.2  Hybrid model 
 
The d-q model equations [7] of the induction machine on an arbitrary reference frame are shown 
here as Eq. A.1 and Eq. A.2.  
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Inverting Eq. A.2 results in Eq. A.3. 
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Lm          (A.4) 
 
Combining Eq. A.1 with Eq. A.3 results in the Hybrid model [7] as shown in Eq. A.5 and Eq. 
A.6 having the stator currents and the rotor flux linkages as the states. The rotor windings in a 
squirrel cage induction machine are short circuited, therefore the rotor voltages (vdr and vqr) are 
set to zero. 
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where: 






  tqsds vvv 0,0,,          (A.7) 
 




                            1R               0              0            0             
                             0               1R             0            0            








         0               (A.9) 












                     11L      0        22L
Lm
      0             
    L         =     0       11L      0        22L
Lm
             (A.10)   
                       0          0         1          0  




                       0       11L         0       22L
Lm
                   
    F         =   11L        0           22L
Lm
        0           (A.11) 
                       0           0            0          1  












                      0      0      0      0                    
    G         =     0      0      0      0            (A.12) 
                      0      0      0      1  
                      0      0    1     0        
 







RATED ROTOR FLUX LINKAGE  
 
 
The procedure for calculating the rated rotor flux linkage of an induction machine is presented 
in this appendix. 
 
A sinusoidal winding flux linkage is defined according to Eq. B.1.  
 
)tcos( emax          (B.1) 
 
The rate of change of flux in a winding is the induced emf into the winding as shown by Eq. 
B.2. 
 
pe            (B.2) 
 
Substituting Eq. B.1 into Eq. B.2 results in the induced emf per winding as given in Eq. B.3. 
 
)]tcos([pe emax           (B.3) 
   )tsin( emaxe    
   )tsin(E em    
 
where: 
maxemE  …..the amplitude of the induced winding emf. 
 
Eqs. B.1 to B.3 can now be applied to an induction machine to establish the rated rotor flux 
linkage of the machine. The rated amplitude of the rotor flux linkage per phase using Eq. B.3 is 
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The rated rotor flux linkage in the d-q reference frame is given in Eq. B.5. 
 
max2
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r           (B.6) 
 
Under FOC the q-axis rotor flux linkage is zero (λqr=0) therefore Eq. B.6 reduces to drr   . 
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FOC CONTROLLER GAINS 
 
 
In this appendix the various controller gains required to simulate the two 3 kW induction 
machines of the test bed under FOC, following the controller design procedure as discussed in 
Chapter 2, Section 2.5 are calculated. The Matlab optimised parameters (Table C.1) from 
Chapter 5, Section 5.6 are used to calculate the various controller gains required for the 




Parameter name Parameter symbol Value 
Stator resistance R1 2.35 Ω 
Rotor resistance R2 1.49 Ω 
Stator leakage inductance L1 0.01 H 
Rotor leakage inductance L2 0.009987 H 
Mutual inductance                Lm 0.199 H 
Inertia                 J 0.0046 kg-m2 
Frictional damping coefficient                B 0.0008926 N.m.s/rad 
   
 







Lm          (C.1) 
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Fig. C. 3 Resultant block diagram together with the controller gains 






C.2 The d-axis current controller 
 
p















Fig. C. 4 Block diagram of the d-axis current controller 
 
 
The optimised parameters of the 3 kW induction machine are substituted in the transfer function 




















Fig. C. 6 d-axis transfer function 
 
 
The d-axis current controller shown in Fig. C. 6 can now be designed in a similar manner to that 
of the q-axis current controller shown in Fig. C. 1 since the transfer functions are similar. 
 
kid = 193.1         (C.4) 














Fig. C. 7 d-axis Kpd transfer function 
 
The transfer function in Fig. C. 7 looks identical to the q-axis current controller transfer function 
in Fig. C. 2, therefore the proportional gain Kpd can be chosen to be the same as the proportional 
gain Kpq.  
 
kpd = 0.062         (C.5) 
 














Fig. C. 8 Speed controller 
 
kis  = 
J
B
       (C.6) 
     = 
0046.0
0008926.0
        
     = 194.0  
 
Referring to Appendix B, the rated rotor flux linkage (λdr) for a Delta connected induction 
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C.4 The q-axis voltage pre-compensator 
 












Fig. C. 9 The q-axis voltage pre-compensating controller 
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               = 695.0  
 
C.5 The d-axis voltage pre-compensator 
 






Fig. C. 10 The d-axis voltage pre-compensating controller 
 
01944.0L11           (C.10) 







INDUCTION MACHINE TESTS 
 
 
This appendix describes the tests performed on an induction machine to determine its per phase 
equivalent circuit and mechanical parameters. The induction machine was tested at room 
temperature (20˚ C) using the IEEE Standard Test Procedure for Polyphase Induction Machines 
and Generators (Std 112-1984) [6]. The power terminals of the machine were connected in delta 
directly to a   220 V three phase supply. The power and current were measured with analogue 
meters having an accuracy of 0.5 %, whilst the voltage was measured with a digital meter 





Fig. D. 1 Per phase equivalent circuit of the induction machine 
 
 
The per phase equivalent circuit of the induction machine is shown in Fig. D. 1. 
 
D.1 No load test 
 
The no load test is performed to determine the core loses (Rm) and the mutual inductance (Lm) of 
the induction machine. The rated voltage (220 V) was applied to the machine which ran on no 
load for the test. When the machine runs on no load, the slip (s) is approximately zero and the 
current (I2’) in the equivalent circuit shown in Fig. D. 1 is also approximately zero; the circuit in 
Fig. D. 1 is taken to be open circuited and the equivalent circuit for this condition is depicted in 
Fig. D. 2. The parameters Rm and Lm are calculated by measuring the voltage, current and power 
per phase.  
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Fig. D. 3 No load current and voltage captured on an oscilloscope 
 
 
Vp  (V) Ip  (A) Pph  (W) Rm  (Ω) Xm  (Ω) 
220.2 3.763 80 605.55 58.77 
     
 




















D.2 Locked rotor  
 
The locked rotor test is performed to determine the parameters Re and Le. Re represents both the 
stator (R1) and referred rotor resistance (R2’) and Le represents both the stator (L1) and referred 
rotor (L2’) inductance. A reduced voltage was applied to the machine until the rated current     
(11.1 A) flowed in its stator windings. At the reduced voltage, the current (Io in Fig. D. 1) is 
approximately zero and the slip is one, thus the circuit in Fig. D. 1 reduces to the circuit 
depicted in Fig. D. 4.  
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Fig. D. 5 Locked rotor current and voltage 
Current
Voltage 







Vp  (V) Ip  (A) Pph  (W) Re  (Ω) Xe  (Ω) 
50.7 6.4 153.33 3.740199 6.979388 
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D.3 Windage and Friction loss 
 
This test is performed to determine the power lost due to windage and friction while the 
machine runs on no load. The power, voltage and current were recorded while the stator voltage 
was reduced from the rated voltage (220 V) of the machine to zero.  
 
Stator core losses are then subtracted from the input power and the result is plotted against the 
input voltage [6]. The resultant curve is then extended to the point where the voltage is zero; 
that point of interception on the y axis (Input Power-Stator losses) is the windage and friction 












Fig. D. 6 Power loss due to windage and friction 
 
The y intercept of the curve in Fig. D. 6 was found by linear curve fitting. This y value of 22.975 
is the equivalent windage and friction power loss (Pwf). 
 
D.4.1  Inertia J - Method 1 
 
This section describes the first method used to determine the machine’s mechanical parameters 
J and B i.e. the machine’s inertia and frictional damping coefficients respectively. An 
incremental encoder mounted at the back of the machine was used to measure the machine’s 
speed. The machine when supplied with its rated voltage (220 V) ran at no load speed 
(approximately 157 rad/s). The supply voltage was then removed and the speed decay of the 
machine was recorded as shown in Fig. D. 7. 
 
 
Fig. D. 7 Rundown curve of the induction machine 
See Fig. D.8 







Fig. D. 8 Exploded view of Fig. D. 7 from 4s to 7s 
 
Fig. D. 7 depicts the machine decelerating from no load speed to zero speed in 8.25s. Part of the 
curve in Fig. D. 7 was replotted and shown in Fig. D. 8 illustrating a change of speed from 103 
rad/s to 25 rad/s. In this region, the rate of change of speed is approximately constant. A tangent 
line is therefore drawn in this approximately constant region; the gradient of the line found by 
linear curve fitting is the rate of change of speed. 
 
Rate of change of speed (pωr)= -31.751 rad/s
2 
 
The electromagnetic torque (Te) of an induction machine is given by Eq. D.10. 
 
Te = Jpωr + βωr + Tl        (D.10) 
 
As soon as the power supply is removed the electromagnetic torque produced by the machine 
does not exist and since the machine runs on no load, load torque Tl is zero therefore Eq. D.10 
reduces to: 
 
Jpωr = - βωr          (D.11) 
 
To calculate the inertia of the machine as shown in Eq. D.13, the torque due to windage and 
friction is first calculated using Eq. D.12. The power loss due to windage and friction was 







wfT       (D.12)  


















       (D.13) 
 
Calculating the inertia of the induction machine using the above described method is accurate 
and can be used to determine the inertia of any size of induction machine provided that a speed 
transducer is installed on the machine. 
 
D.4.2  Inertia J - Method 2 
 
This section describes the second method used to calculate the inertia of the machine. This 
method does not require the use of a speed transducer and can be considered for use on small 
machines.  
 
The machine was stripped and the rotor was taken out. The total mass of the rotor was measured 
to be 5 kg. The lengths and diameters of the different sections that contributed to the structure of 
the rotor were measured and are presented below in Fig. D. 9. 
 
 
Fig. D. 9 Structure of the rotor 
 
Assuming a uniform density allows for the calculation of mass distribution throughout the rotor, 
if the volume is known.  
 
Mass * Volume = Density       (D.14) 
 
The volume (V) of each section of the rotor is calculated using Eq. D.15 with the lengths (l) and 
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( 3mm ) 
Volume 2 
( 3mm ) 
Volume 3 
( 3mm ) 
Volume 4 
( 3mm ) 
Volume 5 
( 3mm ) 
Volume Total 
( 3mm ) 
51041.2   51085.3   310024.1  51085.3   51068.4  310172.1   
      
 
Table D.3: Resultant volume calculated as per Eq. D.15 
 
The volume of any single section of the rotor, divided by the total volume (Vt) of the entire 
rotor, multiplied by the total mass (m) of the rotor, will result in the mass of that specific section 





m            (D.16) 
 
The mass of each section of the rotor in Fig. D. 9 is calculated according to Eq. D.16 and is 















1028.0  164.0  3691.4  164.0  19966.0  4.999 
      
 
Table D.4: Resultant mass calculated as per Eq. D.16 
 





J           (D.17) 
 
The moment of inertia of each section of the rotor in Fig. D. 9 is calculated according to Eq. 
D.17 and the results are shown in Table D.5. 







( 2.mkg ) 
Inertia 2 
( 2.mkg ) 
Inertia 3 
( 2.mkg ) 
Inertia 4 
( 2.mkg ) 
Inertia 5 
( 2.mkg ) 
Total Inertia 
( 2.mkg ) 
61003.8   51051.2   310623.4  51051.2   510957.1   0047.0  
      
 
Table D.5: Resultant inertia calculated as per Eq. D.17 
 
This method is also accurate but can not be used on large induction machines as it is difficult to 
dismantle a large induction machine. 
 
D.5 Frictional damping Coefficient - B 
 









      (D.18) 
 
Eq. D.18 finds B at no load speed only. B varies since the torque due to windage and friction 
varies with changes in speed. 
 
D.6 Final measured induction machine parameters 
 
Measured parameters 
Parameter name Parameter symbol Value 
Stator resistance                R1 2.3 Ω 
Referred rotor resistance R2’ 1.440199 Ω 
Stator leakage inductance                L1 0.01111 H 
Referred rotor leakage inductance L2’ 0.01111 H 
Magnetising resistance                Rm 605.55 Ω 
Mutual inductance                Lm 0.187 H 
Inertia - Method 1                J 0.00459 kg-m2 
Inertia - Method 2                 J 0.0047 kg-m2 
Frictional damping coefficient                 B 0.00093 N.m.s/rad 
Table D.6: Measured machine parameters 
 







MATLAB EMBEDDED FUNCTIONS 
 
 
This appendix presents the C code that was written into the embedded Simulink simulation 
blocks. The code used to simulate the theoretical fan, the 1.1 kW fan and the 785 kW fan are 
shown in sections E.1 to E.3 respectively. In section E.4 the C code that was written into the 
cost of energy calculation block is shown. 
 






function [torque, power] = Speed_reg(speed,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
 
power=0;     % initializing variable to zero 
torque=0;     % initializing variable to zero 
speedrpm=0;     % initializing variable to zero 
flow=0;     % initializing variable to zero 
  
if time < 0.005     
    speed=1; 
else 
speedrpm=speed*(60/(2*pi));         % Converts rad/s to rpm 
torque=(10.85/(1400^2))*(speedrpm^2);% Equation of the torque-speed 
% curve (Fig. 6.1) 
power=power*1000;    % kilowatts to Watts 














function [torque, power, flow] = Speed_reg(speed,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
   
power=0;     % initializing variable to zero 
torque=0;     % initializing variable to zero 
speedrpm=0;     % initializing variable to zero 
flow=0;     % initializing variable to zero 
  
if time < 0.005     
    speed=1; 
else 
speedrpm=speed*(60/(2*pi)); 
flow=(2.38/1400)*speedrpm;  % Equation of the speed-flow 
% curve 






function [torque,power] = Damper_operation(speed,time,flow) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
  
power=0;     % initializing variable to zero 
torque=0;     % initializing variable to zero 
    
if time < 0.005     
    speed=1; 
else 
power = -0.1837*(flow^2) + 0.7616*flow +0.8145; % Equation of the  
% power-flow curve (Fig. 6.2) 
power=power*1000;    % kilowatts to Watts 
torque=power/speed;  
end 












function [torque, power, flow] = Speed_reg(speed,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
 
power=0;     % initializing variable to zero 
torque=0;     % initializing variable to zero 
speedrpm=0;  % initializing variable to zero 
 
if time < 0.005     
    speed=1; 
else 
speedrpm=speed*(60/(2*pi));  % Converts rad/s to rpm 
torque=3E-6*(speedrpm^2)+0.002*speedrpm+0.1928; % Equation of the  







function [torque, power, flow] = Speed_reg(speed,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
   
power=0;      % initializing variable to zero 
torque=0;     % initializing variable to zero 
speedrpm=0;     % initializing variable to zero 
flow=0;     % initializing variable to zero 
  
if time < 0.005     
    speed=1; 
else 
speedrpm=speed*(60/(2*pi));  % Converts rad/s to rpm 






flow=((speedrpm-47.6)/658.43); % Equation of the speed-flow curve  
% (Fig. 9.35) 
power= -0.2692*(flow^3)+0.9933*(flow^2)-0.5503*flow+0.2318; % Equation  
%of the power-flow curve(Fig.7.13) 






function [torque,power] = Damper_operation(speed,flow,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
  
power=0;     % initializing variable to zero 
torque=0;     % initializing variable to zero 
   
if time < 0.005     
    speed=1; 
else 
power = -0.0779*(flow^2) + 0.2766*flow - 0.7533; % Equation of the  
% power-flow curve (Fig. 7.13) 










function [torque, power] = Speed_reg(speed,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
 
power=0;     % initializing variable to zero 
torque=0;     % initializing variable to zero 






speedrpm=0;     % initializing variable to zero 
flow=0;     % initializing variable to zero 
  
if time < 0.005     
    speed=1; 
else 
speedrpm=speed*(60/(2*pi));         % Converts rad/s to rpm 
torque= 7E-6*(speedrpm^2)+0.001*speedrpm-0.673; % Equation of the 
torque-speed curve (Fig. 8.9) 
power=power*1000;    % kilowatts to Watts 







function [torque, power, flow] = Speed_reg(speed,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
   
power=0;      % initializing variable to zero 
torque=0;     % initializing variable to zero 
speedrpm=0;     % initializing variable to zero 
flow=0;     % initializing variable to zero 
  
if time < 0.005     
    speed=1; 
else 
 
speedrpm=speed*(60/(2*pi));  % Converts rad/s to rpm 
flow=((speedrpm-343.36)/2.4027);  % Equation of the speed-flow curve 
power= 0.0000159*(flow^2)-0.0023*flow+0.34; % Equation of the power- 
% flow curve (Fig. 8.10) 













function [torque,power] = Damper_operation(speed,flow,time) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
  
power=0;      % initializing variable to zero 
torque=0;      % initializing variable to zero 
  
if time < 0.005     
    speed=1; 
else 
power = -0.0000094*(flow^2) + 0.0077*flow+0.9988; % Equation of the  
% power-flow curve (Fig. 8.10) 




E.4  Energy cost calculation 
 
function cost   = Cost_Calculation (time,energy) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
 
cost1=0;      % initializing variable to zero 
cost2=0;     % initializing variable to zero 
cost3=0;     % initializing variable to zero 
cost4=0;     % initializing variable to zero 
cost5=0;     % initializing variable to zero 
cost6=0;     % initializing variable to zero 
cost7=0;     % initializing variable to zero 
 
kwh1=0;     % initializing variable to zero 
kwh2=0;     % initializing variable to zero 
kwh3=0;     % initializing variable to zero 
kwh4=0;     % initializing variable to zero 
kwh5=0;     % initializing variable to zero 






kwh6=0;     % initializing variable to zero 
kwh7=0;     % initializing variable to zero 
   
energy2=0;     % initializing variable to zero 
energy3=0;     % initializing variable to zero 
energy4=0;     % initializing variable to zero 
energy5=0;     % initializing variable to zero 
energy6=0;     % initializing variable to zero 
energy7=0;     % initializing variable to zero 
 
if ((time>=0)&& (time<=30))   % 00hr-06hr 
    kwh1 = energy,cost1 = kwh1*0.0906; % energy accumulation and off- 
% peak energy cost calculation 
end 
 
if ((time>=30)&& (time<=35))  % 06hr-07hr 
energy2= energy,kwh2 = (1/2*(energy2-kwh1)),cost2 = kwh2*0.1667;  
% energy accumulation and standard energy cost calculation 
end  
  
if ((time>=35)&& (time<=50))  % 07hr-10hr 
energy3= energy,kwh3 = (1/2*(energy3-kwh2)),cost3 = kwh3*0.6304;  
% energy accumulation and peak energy cost calculation 
end  
  
if ((time>=50)&& (time<=90))  % 10hr-18hr 
energy4= energy,kwh4 = (1/2*(energy4-kwh3)),cost4 = kwh4*0.1667;  
% energy accumulation and standard energy cost calculation 
end  
  
if ((time>=90)&& (time<=100))  % 18hr-20hr 
energy5= energy,kwh5 = (1/2*(energy5-kwh4)),cost5 = kwh5*0.6304;  
% energy accumulation and peak energy cost calculation 
end  
  
if ((time>=100)&& (time<=110)) % 20hr-22hr 
energy6= energy,kwh6 = (1/2*(energy6-kwh5)),cost6 = kwh6*0.1667;  
% energy accumulation and standard energy cost calculation 








if ((time>=110)&& (time<=120))  % 22hr-24hr 
energy7= energy,kwh7 = (1/2*(energy7-kwh6)),cost7 = kwh7*0.0906;  




% final cost of energy for the day 
end 
 







SIMATIC STEP7 PROGRAMS 
 
 
The programs written in the PLC to control both the test bed and the 1.1 kW fan system are 
shown in this Appendix. The PLC was programmed using Siemens Step7 software and the 
programming was done using both ladder logic and statement list languages. In Step7 the code 
is broken down into different Organisational Blocks (OB’s), Functions (FC’s), Data Blocks 
(DB’s), Function Blocks (FB’s), User Defined Data Types (UDT’s), System Function Blocks 
(SFB’s) and System Functions (SFC’s). Only the code written in the OB’s and FC’s are 
presented below as this is where the main control programs are written. The DB’s and UDT’s 
are used for variable declaration and as data storage areas. The two FB’s used for serial 
communication are freely available from Siemens. The SFB’s and SFC’s are special blocks that 
provide specific functionality also developed by Siemens.        
 
F.1 Organisational Blocks 
 
F.1.1 OB1 Cyclical execution block 
 































































































































































































































































































































































































F.2.9 FC 14 Replication of the ~785 kW fans power flow characteristic 
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